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ABSTRACT
6:1 PUMA ARRAYS: DESIGNS AND
FINITE ARRAY EFFECTS
MAY 2016
MICHAEL LEE
B.Sc, UNIVERSITY OF RHODE ISLAND, R.I. USA
M.S.E.C.E., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Marinos N. Vouvakis
A new low-cost 6:1 Planar Ultrawideband Modular Antenna (PUMA) array design
is introduced with broadside VSWR < 2, VSWR < 2.6 while scanning out to 45◦
and < -15 dB cross-polarization out to 45◦ in all planes while maintaining optimal
aperture sampling (fH = fg), and a 0.48λg profile. A 200% scaled variant of the
6:1 PUMA array was designed with a 3:1 bandwidth and similar impedance and
polarization performance as the 6:1 PUMA array. The two array elements were
incorporated in a wavelength-scaled array (WSA) architecture which reduced the
total number of elements (per polarization) by 56%. The finite array polarization
ratio of various ultrawideband arrays (UWB) were analyzed and compared with their
infinite array counterparts. Two methods for realizing the polarization ratio were
examined, along with a discussion on finite array truncation effects on polarization.
These finite array techniques were used to compare the polarization properties of a
traditional single-element based 6:1 PUMA array with the PUMA wavelength-scaled
array implementation.
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CHAPTER 1
INTRODUCTION
1.1 Problem Statement
Ultrawideband electronically scanned arrays (UWB-ESAs) offer tremendous ben-
efits which stem from its ability to digitally beamform. The issue with UWB-ESAs
is the high-cost which emanates from the manufacturing, assembly, and maintenance
of these systems. Phase shifters and time-delay units are incorporated with each
element of an array to enable a beamforming network, increasing the overall ex-
penditure of such systems. This thesis investigates two cost reduction methods for
UWB-ESA systems with bandwidths greater than two octaves. At the antenna array
element level, a new low-cost dual-polarized Planar Ultrawideband Modular Antenna
(PUMA) array is introduced that achieves a 6:1 bandwidth at frequency bands up
to 21.2 GHz with low-cost microwave printed circuit board (PCB) fabrication, which
is also capable of optimally sampling the array aperture i.e. having half-wavelength
spacing at the highest frequency. At the array architecture level, a recently proposed
[1] non-periodic array architecture, the wavelength-scaled array (WSA) is extended to
PUMA elements leading to further cost reductions by virtue of minimizing the num-
ber of elements and transmit/receive (T/R) modules for a given array beamwidth.
These cost reduction approaches present some interesting engineering design trade-
offs in terms of infinite array matching level vs. bandwidth, and for finite arrays and
WSA arrays in terms of truncation effects on the impedance and polarization purity.
This thesis attempts the first systematic study of those phenomena and trade-offs on
PUMA-WSAs.
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Figure 1.1. Trimetric view of a (dual-polarized) 4×4 PUMA array tile highlighting
some of the most distinct features of the PUMA array family (superstrate dielectric
layers are not shown for clarity).
1.2 Significance
The proposed PUMA-WSA offers cost and other RF performance advantages that
could potentially benefit a variety of technologies including multifunctional radio
frequency (MFRF) systems [2], active and passive UWB microwave remote sensing
systems such as radars [3, 4] and radio-telescopes [5, 6], and UWB communication
systems [7].
Multifunctional systems utilize one or more electronically scanned array(s) to
replace a multitude of mechanical steered antennas [2]. These systems demand a
wideband and wide scan antenna aperture, preferably in a low-profile design. The
PUMA array offers all of these benefits as well as the advantage of being constructed
as a tile-based modular implementation. This means if a portion of the array is
not functioning properly it can be replaced without needing to replace or remove
the entire array aperture. The PUMA array also has good polarization isolation,
even in the diagoanl (D) planes. For UWB communication systems it is critical that
the connection between nodes are not detrimentally affected by where the array is
scanning. Remote sensing applications rely on good polarization isolation for better
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target discrimination and protection from electronic warfare (EW) jamming devices
[8].
One of the cost saving benefits of the new PUMA array is its ability to fully
operate up to the grating lobe frequency. Most conventional scanning, uniformly
spaced arrays are designed with an element spacing of half wavelength at the grating
lobe frequency (i.e. D = λg/2, where D = element spacing). This permits scanning
out to θ = 90◦ without the onset of a grating lobe in the visible space. Arrays which
can operate to the grating lobe frequency require less elements for a given aperture
size. For a planar uniformly spaced rectangular array operating up to frequency fhigh,
the number of elements needed to populate an aperture area, A is given by:
N =
A
(λg(fhigh/fg))2
, (1.1)
where N is the total number of elements in the array, and fg is the grating lobe
frequency. Equation (1.1) suggests that the closer fhigh is to fg, the smaller the
number of elements required to populate the array, as fhigh/fg ratio appears in the
denominator. More specifically, Fig. 1.2 shows the percentage increase in number of
elements for a given array size as a function of the aperture sampling, fhigh/fg.
The new low-cost PUMA array in conjunction with the wavelength-scaled array
architecture will alleviate some of the high cost which plagues electronically scanned
arrays, by reducing the number of T/R modules required to drive the array. T/R
modules typically account for 50% of the overall array cost [8]. The high cost of
electronically scanned arrays has limited many of its focuses to miltary and govern-
ment funded applications. The unitary cost of these arrays are on the order of tens
of millions of dollars. For example, the AN/SPY-1 radar system is a multifunctional
phased array radar installed on U.S. warships used for tracking air and surface targets
has a unitary cost of $12 millon dollars [9]. Typically the ship requires four of these
radars for continuous 360◦ coverage. The AN/TPQ-37 is a ground-based long range
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Figure 1.2. The percent increase in the number of elements given a specific aperture
sampling (fhigh/fg) of a planar rectangular uniformly spaced array.
radar which has a cost of about $25 millon dollars [9]. Airbourne radars typically
have an even higher cost with the Advanced Hawkeye (AHE) radar as an example
costing around $43 millon dollars [9]. The high cost is primarily what is hindering
widespread adoption by commerical vendors. Some future commericial applications
include autonomous cars, higher throughput cellular networks, or airliner’s inflight
internet for passengers [10–12].
1.3 Previous Work
1.3.1 Cost Reduction Approaches for Electronically Scanned Arrays
Ways of reducing the high cost of electronically scanned arrays have been pur-
sued by multiple researchers. One of ways researchers have looked at lowering cost is
through less expensive phase shifters [13–15]. This includes embedding phase shifters
on RF integrated circuit boards or using thin film electronics [16]. Phase shifters pro-
vide the backbone for electronically scanned arrays, allowing them to form a beam-
forming network. The number of phase shifters corresponds to the number of elements
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in the array. For a conventional array, additional gain is achieved by adding more
elements to the array. This in turn requires adding more phase shifters. Most of these
phase shifters however only work for a narrow band of frequencies.
Other researchers have looked at optimization algorithms for thinning large arrays
(sparse arrays) as shown in Fig. 1.3(a), where only certain elements of the array are
excited [17], trading off peak sidelobe levels when scanning. The sparse array approach
works well for antenna arrays which don’t rely heavily on the mutual coupling to
neighboring elements. Many radio-astronomy applications employ arrays of antennas
to increase the effective aperture size of their systems. In these arrays, the elements
can be separated on the orders of tens of meters, making it a worthy candidate for a
sparse array implementation. For ultrawideband arrays, the mutual coupling between
neighboring elements is vital to achieving its wide bandwidth. As an example in dual-
polarized Vivaldi arrays, it has been shown that improper electrical connections to
neighboring element can lead to severe in-band resonances [18].
The wavelength-scaled concept for element reduction has been shown successful
for a wavelength-scaled array of all-metal Vivaldi elements [1, 19, 20] as depicted
in Fig. 1.3(b). The wavelength-scaled concept assumes that gain requirements are
met at the low-end of the operating band and therefore the aperture is oversampled
at those frequencies [21]. The oversampling can be reduced by replacing portions
of the array with elements scaled up in size (down in frequency). The wavelength-
scaled array architecture takes advantage of the oversampling to reduce the amount of
overall elements in the array while retaining the same array footprint and bandwidth.
Reducing the amount of overall elements reduces the amount of electronics required
to drive the entire array. An all-metal approach was taken because of the increased
complexity involved with dual-polarized PCB Vivaldi elements. The wavelength-
scaled array concept is more beneficial for ultrawideband arrays because the method
5
(a)
(b)
Figure 1.3. Prevailing approaches for reducing cost in antenna arrays. (a) Sparse ar-
ray method showing elements which are excited [17]; (b) Depiction of a dual-polarized
Vivaldi wavelength-scaled array (WSA) with 3 sub-array sections [1].
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Figure 1.4. Single-polarized TCDA-IB array operating from 0.68-5 GHz with a
relaxed VSWR requirement of < 2.65 (half of the superstate removed to show the
details of the array elements) [22].
for reducing array elements does not impede mutual coupling between neighboring
elements.
As mentioned previously, arrays which can fully operate to its grating lobe fre-
quency offer cost saving benefits. The oversampling efficiency of tightly coupled
dipole array with integrated balun (TCDA-IB) [22] shown in Fig. 1.4 and the 1-
5 GHz PUMA array with backplane matching network [23] is approximately 85%.
As indicated in Fig. 1.2, an array with an oversampling efficiency of 85% requires
38.4% more elements. More elements means additional T/R modules increasing the
overall cost to the array. Array designer are always looking for ways to improve the
oversampling efficiency of their arrays.
1.3.2 Low-Profile Ultrawideband Array Technologies
Separate research efforts have pursued the goal of low-cost planar UWB antenna
arrays. One of the earliest examples is the current sheet antenna (CSA) array [24]
shown in Fig. 1.5. CSA can reach 10:1 bandwidths by using capacitively coupled
horizontal dipoles over a ground plane in a coincident phase center dual-polarized
7
Figure 1.5. Dual-polarized UHF Current Sheet Arrays (CSA) prototype operating
from 0.1-1 GHz (10:1 bandwidth) [24].
arrangement. Contrary, the long slot array shown in Fig. 1.6 employs slot elements
placed above a ferrite loaded ground plane to also embody a version of Wheeler’s
ideal infinite current sheet radiator [25]. To achieve a 10:1 bandwidth, multi-layer
resistive cards, ferrites, circuit analog absorbers or lossy frequency selective surfaces
are neccessary to suppress ground plane reflections. Another example shown in Fig.
1.7 is the “thumbtack” array [26] which utilized a long slot array over a ground plane
to achieve a 4:1 bandwidth. The design intealeaves two sets of orthogonal long slot
arrays to form an aperture with coincident phase elements. Similarly the fragmented
aperture array (FAA) [27] shown in Fig. 1.8 uses electronically connected elements
often pixelized (as the designs are the bi-product of a computer-based optimization
design) to synthesize Wheeler’s current sheet in free space, and afterwards introduces
the ground plane in a similar manner as the long slot array.
The primary drawback of these arrays is that while the apertures themselves are
planar, they required non-printed feeding mechanisms such as wideband external
baluns [32, 33] and “cable organizers” [24]. The superstrate-enhanced substrate-
loaded array (SESLA) shown in Fig. 1.9 employs a resistive sheet substrate to en-
hance array bandwidth to 13.9:1 (VSWR < 2.4) in a low-profile design. However the
8
Figure 1.6. Single-polarized long slot array utilizing a ferrite loaded ground plane
designed to operate from 0.2-2 GHz [28].
Figure 1.7. Dual-polarized “Thumbtack” array operating from 0.5-2 GHz (4:1 band-
width) [26].
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Figure 1.8. Dual-polarized Fragmented Aperture Array (FAA) with 100:1 band-
width while radiating in free space and an infinite array environment [29].
Figure 1.9. Single-polarized superstrate-enhanced substrate-loaded array (SESLA)
utilizing a resistive sheet substrate in its design operating from 0.29-4.03 GHz with a
relaxed VSWR requirement of < 2.4 [30].
10
Figure 1.10. Dual-polarized Balanced Antipodal Vivaldi Antenna (BAVA) array
operating from 1.8-18 GHz with a relaxed VSWR requirement of < 2.75 [31]. (a)
Unit cell of single-polarized BAVA element; (b) 8 × 9 protoype of a dual-polarized
BAVA array.
addition of the resistive sheet in this design reduces the overall radiation efficiency
to 75%. The dual-polarized Balanced Antipodal Vivaldi Antenna (Dp-BAVA) array
shown in Fig. 1.10 offers unbalanced feeding without the use of baluns or a matching
network [31]. The design is comprised of vertically-integrated card which could be a
more complex design to implement over a fully planar design.
1.3.3 PUMA Array Evolution
1.3.3.1 3:1 PUMA Array (2010)
The Planar Ultradwideband Modular Antenna (PUMA) array was originally de-
veloped in 2008 [34]. The PUMA array exhibited a low-profile (≤ λg/2) fully planar
manufacturing design with direct unbalanced feeding, eliminating the need for exter-
nal baluns and cable organizers [35]. The array architecture was developed around a
dual-polarized dual-offset grid configuration of unbalanced-fed dipole radiators. Mul-
tiple dielectric layers are utilized for mechanical support and matching considerations.
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Figure 1.11. A fabricated dual-polarized 3:1 16× 16 PUMA array operating from
7-21GHz (an 8× 8 modular section is removed to illustrate aperture modularity of
PUMA array) [35].
A shorting via extending from the fed dipole arm as shown in Fig. 1.12(a) was em-
ployed to move an otherwise in-band common mode above the high operating band
edge. This first class of PUMA arrays demonstrated a 3:1 bandwidth over 7-21 GHz
with good scan performance out to 45◦. A fabricated 3:1 PUMA array is shown in
Fig. 1.11 highlighting the modularity of the aperture. The high-end operating fre-
quency reached approximately 94% of the grating lobe frequency, fg, representing
an oversampling of the aperture and requiring more T/R modules to support this
array. The shorting via was instrumental in mitigating the common-mode resonance,
but also limited the bandwidth due to low-end loop modes rooted by the position of
the shorting via. To further improve the bandwidth of the shorted via-based class of
PUMA array, a planar matching network was implemented behind the ground plane
to increase the overall bandwidth to 5:1 [23]. The additional matching network aug-
mented cost and manufacturing complexity to the overall design of the array as well
as having a high-frequency limited to 5 GHz.
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Figure 1.12. Cross-sectional view of the unit-cell of previous PUMA array classes
displaying metallizations and via connections along with the dielectric stackup. (a)
Shorted Via-Based Class of PUMA; (b) Capacitively Loaded Via-based Class of
PUMA.
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version of the PUMA array (presented in a fellow paper [1]) to
increase the bandwidth. The PUMAv3.2 is scalable to mm-wave
45 GHz) and increases bandwidth from 4.5:1 to
6:1. We investigate the difficulties and possible solutions associ-
ated with integrated matching network PUMA designs. Part of
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FPGA program and the Navy’s Advanced Multifunction RF
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single adaptable unit to ultimately save cost while increasing
flexibility/reusability. Due to frequency, pattern, and polariza-
tion flexibility, UWB electronically scanned arrays (ESA) are
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Figure 1.13. Isometric view of a 6:1 PUMA array with integrated matching network
[36].
1.3.3.2 4.5:1 PUMA Array
In order to overcome the bandwidth limitation of the original PUMA array, a
new class of PUMA arrays with improved bandwidth was introduced which increased
bandwidth up to 4.5:1 without the need for an external matching network and a
profile < λ/2 [37]. The technical innovations which enabled this improvement was
a reconfiguration of the PUMA shorting vias into a capacitively-coupled via (loaded
with a metal plate) as shown in Fig. 1.12(b). Since this new via is not connected to
the dipole arms, low-end loop mode issues were extinguished. In comparison with the
shorted via-based class of PUMA arrays which pushes in-band common mode above
the highest operation frequency, this new configuration pushes it below the operating
band. The operation of this array also did not extend to the grating lobe frequency
with a resulting Nyquist sampling rate of approximately 97%.
A backplane matching network was integrated into the 4.5:1 PUMA array in [36] to
achieve a bandwidth of 6:1. An isometric view of the 6:1 PUMA array with matching
network is shown in Fig. 1.13. The matching network consisted of a capacitively
loaded co-planar waveguide section inline with a metallic strip printed below used
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to adjust the capacitance neccessary to achieve an overall better impedance match.
The addition of the matching network increased cost, manufacturing complexity, and
profile of the array.
1.4 Thesis Research
This work will introduce the latest generation of PUMA array which improves
bandwidth by 33% (from 4.5:1 to 6:1) without the need of a backplane matching net-
work. This array also operates fully up to the grating lobe frequency (fh = 100%fg),
reducing the number of elements (and T/R modules) in the aperture to the optimal
value for a scanning array. The optimal aperture efficiency is achieved by introducing
horizontal ‘ribs’ along the dipole twin feed line. The additional bandwidth at the low-
end is achieved through optimatization of the dipole arm traces, dielectric stackup,
and more careful control of the capacitively loaded via. This new 6:1 PUMA array
element is then utilized in a wavelength-scaled array of PUMA elements which fur-
ther reduces the total number of elements (and T/R modules) by 56% compared to a
conventional (optimally sampled) scanning array covering the same footprint. Finite
array impedance and polarization performance of the PUMA wavelength-scaled array
are compared with that of the traditional single-element rectangular 6:1 PUMA array.
Finite array truncation effects on impedance, polarization, and far-field properties will
be quantified for both the traditional 6:1 PUMA array and the 6:1 PUMA-WSA array.
Finite array analysis is modeled using an in-house Dominain Decomposition Finite
Element Method (DD-FEM). Since the polarization properties of an array affects the
total efficiency, the polarization levels of a finite array will be observed. Finite array
polarization can be obtained using two approaches. The first is the full-array approach
which requires every element of the array to be excited. This approach represents
the actual array field deployment scenario. The embedded element approximation
which only requires the excitation of a single central element will be compared to the
15
full-array approach. Both approaches will be applied to various finite arrays size and
compared with infinite array prediction. More specifically, a finite array comparison
of the polarization performance of the 6:1 PUMA array will be compared with a 6:1
Vivaldi (flared-notch) array to further understand some of the unique properties of
finite PUMA arrays.
1.5 Thesis Outline
Chapter 2 will provide the critical design trends and enabling technical innovations
which resulted in a 6:1 bandwidth PUMA array without the need for a backplane
matching network. The geometric parameters and dimensions of the 6:1 PUMA
array will be discussed. Infinite and finite array results will be shown for impedance
performance and port isolation as a function of frequency for broadside and various
scans in the principal E-/H- planes. Statical analysis will be conducted on the finite
array results and used for comparison with infinite array predictions. Finite array
gain (including mismatch losses) will be compared to ideal directivity for various array
sizes and scans.
Chapter 3 will focus on the polarization properties of finite ultrawideband arrays.
A discussion of the antenna figure-of-merit used to quantify the polarization properties
of ESA antennas will be presented. Two approaches for determining the finite array
polarization levels will be discussed. The polarization properties of a 6:1 PUMA
array will be compared to a single-polarized and dual-polarized Vivaldi array with
comparable bandwidth. The analysis will be conducted for multiple scans values at
a specific frequency and at a single scan value for multiple frequencies.
An implementation of a wavelength-scaled array architecture utilizing PUMA el-
ements will be presented in Chapter 4. The optimization of a scaled PUMA element
with 3:1 bandwidth will be discussed. Numerical results are shown for impedance
and polarization performance of the PUMA wavelength-scaled array and compared
16
with a conventional 6:1 PUMA array with the same array footprint. A synopsis of
the thesis research along with conclusions are given in Chapter 5.
17
CHAPTER 2
6:1 DUAL-POLARIZED PUMA ARRAY
2.1 Introduction
A new generation of PUMA array will be proposed that achieves a 6:1 without
the need of a backplane matching network and is capable of fully operating to the
grating lobe frequency. These capabilities have never been achieved by any previous
generation of PUMA array. The new design is based off of the 4.5:1 PUMA array,
which utilized a capacitively loaded via to push otherwise in-band broadside com-
mon mode below the lowest operating frequency [37]. The design features of the
new PUMA array will be discussed in this chapter showing how an increase in band-
width is achieved. These include incorporating horizontal ‘ribs’ along the dipole feed
lines, increasing the capacitance coupling between dipole arms, and relocation of the
capacitively loaded via below the dipole arms.
Optimatization and tuning of the capacitance between dipole arms and between
the loaded via and dipole arms will be discussed. The array dimensions for an exem-
plary 6:1 PUMA array that meets standard PCB manufacturing rules for operation
up to 21.2 GHz is provided. Infinite array simulation results suggest 3.53-21.2 GHz
(6:1) operation with broadside VSWR < 2 and VSWR < 2.6 scanning out to θ = 45◦,
and diagonal plane cross-polarization (cx-pol.) around -15 dB for θ = 45◦. Finite
array simulations of a 8 × 8, 16 × 16, and 32 × 32 PUMA array is compared for a
broadside scan, quantifying the truncation effects associates with the various sizes. A
full analysis of a 32×32 PUMA array is shown to verify the infinite array performance
for broadside and various scans in the E-/H- planes.
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2.2 Theory
2.2.1 Common-Modes in Dual-Polarized PUMA Arrays
Previous generations of PUMA array utilized different techniques to suppress
common-modes in dual-polarized PUMA arrays. The top-view of a dual-polarized
PUMA array unit cell using shorting vias for common-mode mitigation is shown in
Fig. 2.1. If the shorting vias are not present, a resonant length equal to the unit cell
dimension, D is encounter, suggesting a common-mode resonance frequency (fcm)
around the grating lobe frequency. The dielectric layers of the PUMA array effec-
tively increases the length of the resonant dimension and pushes the common-mode
resonance down in frequency into the operating band. The shorting vias on each fed
arm counteracts this effect by reducing the resonant dimension from D to that of Lco.
The effect of the location of the shorting via on moving the common-mode frequency,
fcm up in frequency is given by
fcm ≈ c◦
2
√
r,eff (D − d) , (2.1)
where c0 is the speed of light in vacuum and d is the distance a shorting via is offset
from its closest neighboring passive feed via.
Although the shorting vias were instrumental in mitigating the common-mode
resonance, it also introduced loop modes which inhibited the low-end bandwidth. To
overcome this limitation, the PUMA shorting vias were reconfigurated into capacitively-
loaded vias [37]. The capacitively-loaded vias mitigated common-mode resonances by
shifting them down in frequency, below the operation band. This common-mode miti-
gation technique can be related to the moving of the cut-off frequency of the dominant
mode of a rectangular waveguide with the additon of a ridge. A comparison of the
waveguide structure with a ridge and the PUMA array unit cell with a disconnected
via below the dipole arms is shown in Fig. 2.2. In [35] it was shown that the common-
mode frequncy developed in unbalanced-fed UWB dipole arrays can be approximated
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Lcx
Figure 2.1. Top-view of a simplified square-grid dual-polarized traditional PUMA
array unit cell. The shorting symbols indicate the location of the shorting vias,
whereas the in- and out-of-the-page arrows indicate the passive and active feed vias,
respectively.
by the cut-off frequency of the dominant mode of a ridged rectangular waveguide with
the same broad-wall dimension as the array unit cell. The characteristic equation for
the dominant mode of a single ridged waveguides can be given as [38]
cot kxL− H
H − h tan kxs/2−B/Y01 = 0, (2.2)
where kx is the propagation constant in the xˆ-direction at cut-off, B/Y01 is the nor-
malized discontinuity susceptance where Y01 is the characteristic admittance of non-
ridged sections, and h, H, s, and L are the waveguide dimensions as shown in Fig. 2.2
(a). Equation (2.2) shows as the ratio of H
H−h increases (ridge becomes taller) and/or
the susceptance increases, the dominant mode cut-off frequency decreases. Adding
a via below the dipole arms of the PUMA array as shown in Fig. 2.2 (b) results
in shifting the common-mode resonance down in frequency in a similar manner. To
push the common-mode resonance completely out of the operating band, a metal-
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Figure 2.2. Analogy between ridged waveguides and PUMA with disconnected via.
(a) Ridged waveguide; (b) PUMA with disconnected via.
lic plate is registered beneath the dipole arms and connected to the via creating a
capacitvely-loaded structure.
2.3 Array Description
The proposed 6:1 PUMA array consists of dual-offset, dual-polarized asymmetric,
diamond-shaped dipole arms distributed in a rectangular periodic lattice as shown in
Fig. 2.3(b) The dipoles are embedded in multiple layers of prepreg material as shown
in Fig. 2.3(b). The dipole arms are printed on the same layer in order avoid possible
registration errors during the manufacturing procedure and thus rely on edge-coupled
dipoles for the large capacitive coupling. The broad shape of the dipole arms enables
greater control of the inter-element capacitive coupling between each arm. Below
the dipole arms is a circular metallic plate etched onto the top most substrate layer.
The plate is grounded with a via connection. The plate/via structure provides the
neccessary capacitance to the dipole arm in order to resolve broadside common-mode
issues [37]. To improve its effectiveness, the plate and via can be offset in location
from its nominal position below the center of the dipole tips. The dipole fed vias (one
hot and one grounded) are connected to multiple (typically two) pairs of horizontal
metal strips facing one another, along the twin via profile. These horizontal strips
termed ‘ribs’ are etched onto the substrate layer before the bonding process. Vias
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are drilled precisely through the appropriate strips. This forms a ‘rib’ structure along
the twin via transmission line as shown in the red highlighted region of Fig. 2.3(b).
These ribs allow additional capacitance to be added between the fed and ground
vias. The capacitance at this location has an effect on the impedance of the twin
via transmission line. Using the ribs to increase the capacitance effectively lowers
the characteristic impedance of the quarter wavelength (at mid-band) transmission
line formed by the two feed vias and improving the matching to the dipole arms.
The addition of the ribs allows the 6:1 PUMA array to achieve a 100% aperture
sampling, which is highly desirable since it leads to the optimal (smallest) number of
array elements (and T/R modules in an active architecture) for a given aperture area
coverage.
The dielectric stackup consists of multiple substrate layers with low permittivity,
low loss tangent PTFE whose primary purpose is mechanical support of the feed
lines and grounded connections. PTFE material is chosen because of rigidity and
relative ease of via drilling and plating. The prescence of the substrate layers has also
been shown beneficial for improving the bandwidth of a dipole array over a ground
plane by Munk by increasing the ground plane impedance [25]. Multiple superstrate
layers are utilized in the design. Prepreg layers shown in green and labelled with
a thickness of tb in Fig. 2.3(b) are used to bond layers with different permittivities
together and at places where metallization needs to be etched into the structure
(e.g. at each pair of ribs). The base of the dielectric stackup consists of cladded
metal (which results from the metal plating of the dipole arms and PUMA plate
and the capping of the various vias) bonded to a thin (aluminum) conductor that
provides rigidity, mechanical strength and hosts small coaxial impedance transformer
sections to connect on a standard 50Ω RF interface. In practice the transformer
section could be realized with fuzz buttons embedded into teflon buttons. Portions
of this base trace are etched away to isolate the electrical contacts from the ground
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Figure 2.3. Proposed 6:1 PUMA array topology showing the most important de-
sign dimension variables. (a) Top view of all metallized components and perforated
substrate of a 3 × 3 × 2 sub-array (superstrate layers are not shown for clarity);
(b) Cross-sectional view displaying metallizations and via connections along with the
dielectric stack-up.
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plane. Perforation are drilled through the entire dielectric stackup as shown in Fig.
2.3(a) to further reduce the effective permittivity of the substrate layers and push out
undesired dielectric surface wave of the scanning volume.
2.4 Array Design
The design of the 6:1 PUMA array utilized five dielectric layers. Each layer is
bonded together with a thin prepreg material (Arlon GenClad 280 [r = 2.8]) of
thickness 2.6 mils with some bonding layers incorporating two prepreg materials by
design. Dielectric layer 1 (top layer) is designed with Rogers RO3210 (r = 10.2).
Dielectric layers 2-5 are comprised of Rogers 5880LZ (r = 1.96). The thicknesses of
each dielectric layer were chosen to meet standard dielectric thicknesses provided by
their respective manufacturers. All layers are perforated with a cylindrical hole of
radius Rd = 2.74 mm. The design incorporates two sets of ribs, each comprised of
a 1/2 oz. electrodeposited copper foil etched into the appropriate shape. All design
parameters meet fabrication tolerances offered by several PCB manufacturers. The
final (optimized) values of each parameter for the 6:1 PUMA array are listed in Table
2.1.
2.4.1 Design Trends
One of the critical design parameters of the proposed PUMA array involves the
capacitive coupling between the orthogonal diamond-shaped dipole arms. Previous
generations of PUMA arrays utilized broadside dipole coupling schemes where the
metallization thickness does not play a significant role. In the proposed edge-coupled
dipole arrangement it is expected that metalization thickness is an important factor
because it significantly affects the amount of inter-dipole capacitance. The effects
of increasing the trace thickness, td is illustrated in Fig. 2.4. Increasing the trace
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Table 2.1. 6:1 Dual-pol. PUMA array geometric parameters & dimensions
Dx [mm] Dy [mm] Dz [mm] Rd [mm]
7.09 7.09 6.77 2.74
t1 [mm] t2 [mm] t3 [mm] t4 [mm]
0.889 (35 mils) 1.016 (40 mils) 2.54 (100 mils) 0.762 (30 mils)
t5 [mm] tb [mm] td [mm] g [mm]
0.889 (35 mils) 0.066 (2.6 mils) 0.098 (3.85 mils) 0.0762 (3 mils)
W1 [mm] W2 [mm] W3 [mm] W4 [mm]
0.539 2.059 0.767 1.603
L1 [mm] L2 [mm] L3 [mm] L4 [mm]
2.374 3.547 0.806 1.979
(r1) (r2) (r3) (r4)
(10.2, 0.0027)1 (1.96, 0.0019)2 (1.96, 0.0019)2 (1.96, 0.0019)2
(r5) (rb) df [mm] dp [mm]
(1.96, 0.0019)2 (2.8, 0.002)3 0.762 (30 mils) 1.651 (65 mils)
c1 [mm] c2 [mm] c3 [mm] Sx = Sy [mm]
0.1016 (4 mils) 1.580 (62.2 mils) 1.389 (54.7 mils) 0.287 (11.31 mils)
tBT [mm] tMB [mm] dxf1 [mm] dxf2 [mm]
0.178 1.905 0.508 2.184
(rxf ) tR [mm]
(2.08, 0.001)4 0.017 (0.7mil)
1Rogers RO3210, 2Rogers RT/duroid 5880LZ, 3Arlon GenClad 280, 4Teflon
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Figure 2.4. Effects of varying trace thickness td on VSWR. Larger td values push
the low band edge further downwards.
thickness from 1/2 oz. to 2 oz. allowed the low-end VSWR to be pushed down in
frequency without significant loss of VSWR matching quality. The capacitance at the
dipole tips could have been increased further by moving the diamond-shaped dipole
arms closer together, but it would violate the 4mil trace-to-trace manufacturing rule,
which would have increased tolerance and design variations.
The capacitance between the dipole fed and ground via is very important. To
meet manufacturing rules, the distance between the vias needed to be increased. Sets
of horizontal metallic rib traces were incorporated along the twin via transmission
line in order to replace the parallel capacitance lost when separating the fed via and
ground via. A larger amount of parallel capacitance in this quarter wave (at mid-
band) transmission line lowers its characteristic impedance. Using the sets of ribs to
control the characteristic impedance of this section assists in the matching of the high
impedance load at the dipole gap to the 50Ω impedance at the input port. The effects
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Figure 2.5. Effects of varying feedline ‘rib’ gaps g. For small g, high frequency
impedance loci are snapped inwards due to increased capacitive coupling.
of varying the spacing between the ribs, g, is shown in Fig. 2.5 and compared with
a no rib baseline case. As the lateral lengths of ribs are varied, the higher frequency
impedance loci are snapped inwards toward the center of the Smith chart, due to
increased capacitive coupling counteracting high-end inductance.
The inter-capacitance between the dipole arms was previously shown to help push
down the low-end (in frequency). The capacitance between the loaded via and dipole
arms will be shown to help low-end matching as well. The effects of offsetting the
loaded via (including the capacitive plate) away from the feed vias along the diagonal
direction is shown in Fig. 2.6. The offset, s, is varied from its nominal position (s = 0)
beneath the dipole arm tips to distances much closer to the grounded vias. Offsetting
the plate and via in this manner facilitates low-end impedance matching. These
effects are optimized by using asymmetric dipole arms. The dipole configuration is
asymmetrically offset approximately 20% in favor of the fed dipole arms. These arm
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Figure 2.6. Effects of varying via (and plate) offset s away from fed vias. Greater
separation between the loaded via and feed vias facilitate low-end impedance match-
ing.
asymmetries were found to have little impact on positive/negative scan variation on
impedance, orthogonal port isolation or polarization.
2.5 Numerical Results
The 6:1 PUMA array was simulated in an infinite array environment using An-
sys HFSS [39] and with a finite array in-house domain decomposition finite element
method (DD-FEM) solver [40]. Finite array simulations were conducted utilizing an
infinite ground plane. The finite arrays were set up with airboxes surrounding the
perimeter of the array with a width of λH/2 as illustrated in Fig. 2.7. The effects
of increasing the perimeter of surrounding air to 3λH on the far-field pattern for an
E-plane and H-plane scan are shown in Fig. 2.8. Overall the effects of increasing the
perimeter of surrounding air is minimal. No variations are seen at the main lobe and
only small differences in the side lobe levels are noticed. The additional airboxes had
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Figure 2.7. Domain Decomposition Finite Element Method (DD-FEM) computa-
tional model for an exemplary 8× 8 PUMA array. (a) Cross-sectional view; (b) Top
view.
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Figure 2.8. Comparison of far-field computed for an E-plane and H-plane scan with
λH/2 and 3λH of air surrounding finite array setup. Shown for a 32× 32 6:1 PUMA
array at 20 GHz.
no significant effects on VSWR as well and thus the less computationally expensive
λH/2 option was used. A radiation boundary (shown as a solid red line in Fig. 2.7)
was placed on the outer surfaces of the surrounding air region. Above the array is an
area of air with a vertical distance of 3λH to the top radiation surface. A separate
domain identification is given for each array element. For both infinite and finite
array simulations, all metallized components and vias were assumed to be PEC and
only standard dielectric materials were used. All results are referenced to Z0 = 50 Ω
port.
2.5.1 Impedance Performance
The VSWR versus frequency of an infinite array for broadside and various scan
angles in the E- and H- planes is shown in Fig. 2.9. The two vertical lines denoted
fL and fH indicate respectively the low (3.53 GHz) and high (21.2 GHz) band edges
for a 6:1 bandwidth. The high band edge coincides with the grating lobe frequency
(fg). Predictions suggest a broadside VSWR < 2 and 45
◦ E-/H-plane VSWR < 2.6.
Finite array broadside impedance numerical results for a simulated 8 × 8, 16 ×
16, and 32 × 32 size arrays are shown in Figs. 2.10-2.12. Part (a) of these figures
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Figure 2.9. Infinite 6:1 PUMA array VSWR vs. frequency for broadside and various
scan angles. (a) E-plane scan; (b) H-plane scan.
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show the broadside VSWR distribution maps of a simulated array having all its y-
polarized elements excited for 4 GHz and 20 GHz. Strong standing wave patterns
are observed in the 4 GHz map for the 16 × 16 and 32 × 32 array sizes and are
attributed to array guided surface waves (AGSW) [41], excited by the discontinuities
at the finite array edges. The VSWR distribution map for the 8× 8 array size is too
small to observed the standing wave patterns. Broadside VSWR of every individual
y-polarized element for various frequencies is shown on the left of part (b) of Figs.
2.10-2.12. The average finite array VSWR value for each frequency is denoted by
a blue diamond whereas the ±1 standard deviation is indicated with crosses. The
infinite array results are overlayed on the scatterplot. The right hand side of part
(b) compares the average VSWR with the center element VSWR. Since the arrays
observed have an even number of elements. The average of the four center VSWR
elements are used for computing a single value for the center element VSWR denoted
by a cyan colored square. The plots show that the standard deviation decreases as
the size of the array gets larger. A 32 × 32 array size was chosen as an optimal
representative array because both the average VSWR and center element VSWR,
which is related to the overall array mismatch efficiency track well with infinite array
results. It is noted that for a transmit (or transmit/receive) application the large
VSWR of some of the 32 × 32 array elements (mainly near the edges) are indeed
problematic because they would induced large field inside the transmission lines that
could lead to catastrophic failures.
VSWR distribution maps for E- and H- plane at θ = 45◦ of a 32× 32 size array
having all its y-polarized elements excited is shown in Fig. 2.13(a) and Fig. 2.14(a)
respectively. As with the broadside VSWR distribution maps, standing wave patterns
are observed in the low frequency maps. Scatterplots of the VSWR of each individual
y-polarized elements of the scanned array are shown in portion (b) of Figs. 2.13-2.14.
High individual VSWR values can be seen at the edges of the array for the 45◦ E-plane
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Figure 2.10. 8× 8 6:1 PUMA array broadside VSWR. (a) Broadside VSWR distri-
bution map at 4 GHz and 20 GHz; (b) Scatterplot of broadside VSWR vs. frequency.
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Figure 2.11. 16 × 16 6:1 PUMA array broadside VSWR. (a) Broadside VSWR
distribution map at 4 GHz and 20 GHz; (b) Scatterplot of broadside VSWR vs.
frequency.
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Figure 2.12. 32 × 32 6:1 PUMA array broadside VSWR. (a) Broadside VSWR
distribution map at 4 GHz and 20 GHz; (b) Scatterplot of broadside VSWR vs.
frequency.
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scan, causing the average VSWR to be much higher than infinite array predictions
at the lower frequencies. For the 45◦ H-plane scan, the higher frequencies track well
with the infinite array predictions. At the lower frequencies of the 45◦ H-plane scan,
the average VSWR fluctuates above and below the infinite array predictions.
The VSWR distributions for both scan scenarios are slightly asymmetric, due to
an incomplete dipole arms at the edges of the array. Also more importantly is that
the average VSWR for the scan cases do not match as well as the broadside case. As
was shown for the broadside case, larger array sizes improved the correlation between
infinite and finite array results. As an array is scanned, the effective area (in the
direction of the scan) is diminished. Arrays greater than 32× 32 would be required
in order to achieve a better match for the scan cases.
Fig. 2.15 and Fig. 2.16 shows the E- and H-plane VSWR for other scans (θ =
30◦, 35◦, 40◦) in these principal planes for a 32×32 array size. Respective infinite array
results for the difference scans are overlayed with the finite array data. Fluctuations
of the average and center element VSWR data above and below the infinite array
predictions is seen for both scan planes with the larger deviations seen in the H-plane.
The location of the peaks of these fluctuations changes in frequency for different scan
values. The amount of variation is seen to decrease as the scan angle decreases.
2.5.2 Orthogonal Port Isolation
For dual-polarized arrays, it is important to observe the amount of power being
coupled to the orthogonal port. Mismatch from poor port isolation results in poor
radiation efficiency. The infinite array orthogonal port isolation versus frequency for
broadside and various scan angles in the E- and H- planes is shown in Fig. 2.17.
The infinite array orthogonal port isolation remains below 15 dB for the majority of
the band as shown in Fig. 2.17, suggesting good active impedance and polarization
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Figure 2.13. 32 × 32 6:1 PUMA array 45◦ E-Plane VSWR (arrows indicate the
direction where the θ = 45◦ scan is applied). (a) 45◦ E-Plane VSWR distribution
map at 4 GHz and 20 GHz; (b) Scatterplot of 45◦ E-Plane VSWR vs. frequency.
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Figure 2.14. 32 × 32 6:1 PUMA array 45◦ H-Plane VSWR (arrows indicate the
direction where the θ = 45◦ scan is applied). (a) 45◦ H-Plane VSWR distribution
map at 4 GHz and 20 GHz; (b) Scatterplot of 45◦ H-Plane VSWR vs. frequency.
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Figure 2.15. 32×32 6:1 PUMA ar-
ray VSWR for various scans in the
E-Plane. (a) 30◦ E-Plane VSWR
vs. frequency; (b) 35◦ E-Plane
VSWR vs. frequency; (c) 40◦ E-
Plane VSWR vs. frequency.
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Figure 2.16. 32×32 6:1 PUMA ar-
ray VSWR for various scans in the
H-Plane. (a) 30◦ H-Plane VSWR
vs. frequency; (b) 35◦ H-Plane
VSWR vs. frequency; (c) 40◦ H-
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purity. The worst port isolation occurs at the lower band edge for both broadside
and the individual scan results, but remains below 10 dB for each of these scenarios.
Broadside port isolation performance for a 8× 8, 16× 16, and 32× 32 size array
is shown in Figs. 2.18-2.20. Broadside port isolation distribution maps having all its
y-polarized elements excited is shown in part (a) of Figs. 2.18-2.20 for 4 GHz and 20
GHz. Individual port isolation values of each element of the array is shown for various
frequencies in part (b). For frequencies below 9 GHz (i.e. low-end frequencies), the
larger 32× 32 size array tracks best with infinite array predictions. For all the array
sizes, one of the elements of the array indicates a high port isolation around -4 dB at
4 GHz. This is seen primarily below midband but is an result of the asymmetries of
the dipole arms in the unit cell. At the edges of the array, part of the dipole arm is
cut off. In practice a surrounding perimeter of ‘dummy’ elements would be used to
resolve this issue.
The port isolation distribution maps and scatterplots of the individual port iso-
lation values for a 45◦ E- and H- plane scan can be seen in Figs. 2.21-2.22 for an
array size of 32× 32. For the E-plane scan, the infinite array results (shown in blue)
fall roughly within one standard deviation of the average port isolation, except at the
higher frequencies where the finite array results indicates a worst port isolation value.
Even at those higher frequencies though, the finite array port isolation remains below
10 dB. For the E-plane scan (around midband), there are average port isolation val-
ues which are 5-10 dB lower than infinite array predictions. The finite array average
VSWR for the 45◦ H-plane scan matches well with infinite array predictions.
2.5.3 Cross-Polarization
The radiation characteristics need to be observed to see how well an array can ac-
tually transmit/receive a signal. Some of the radiation to (or from) an array is along
the desired polarization orientation and other parts are not. To understand these
40
Frequency [GHz]
3 5 7 9 11 13 15 17 19 21
Po
rt 
Is
ol
at
io
n 
[d
B]
-40
-35
-30
-25
-20
-15
-10
-5
0  
 
 
 
θ = 0°
θ = 15°
θ = 30°
θ
Zo = 50Ω
 = 45°
fL fH
(a)
Frequency [GHz]
3 5 7 9 11 13 15 17 19 21
Po
rt 
Is
ol
at
io
n 
[d
B]
-40
-35
-30
-25
-20
-15
-10
-5
0  
 
 
 
θ = 0°
θ = 15°
θ = 30°
θ
Zo = 50Ω
 = 45°
fL fH
(b)
Figure 2.17. Infinite 6:1 PUMA array orthogonal port isolation vs. frequency for
broadside and various scan angles. (a) E-plane scan; (b) H-plane scan.
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Figure 2.18. 8×8 6:1 PUMA array broadside orthogonal port isolation. (a) Broad-
side port isolation distribution map at 4 GHz and 20 GHz; (b) Scatterplot of broadside
port isolation vs. frequency.
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Figure 2.19. 16 × 16 6:1 PUMA array broadside orthogonal port isolation. (a)
Broadside port isolation distribution map at 4 GHz and 20 GHz; (b) Scatterplot of
broadside port isolation vs. frequency.
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Figure 2.20. 32 × 32 6:1 PUMA array broadside orthogonal port isolation. (a)
Broadside port isolation distribution map at 4 GHz and 20 GHz; (b) Scatterplot of
broadside port isolation vs. frequency.
44
2
4
6
8
10
12
14
16
18
20
22
24
26
28
30
32
Y
−
el
em
en
t
 
4GHz
2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32
X−element
20GHz
[dB]
−40 −35 −30 −25 −20 −15 −10 −5 0
X
Y
Z
(H-Plane)(
E
-P
la
ne
)
(a)
Frequency [GHz]
3 5 7 9 11 13 15 17 19 21
Po
rt 
Is
ol
at
io
n 
[d
B]
-40
-35
-30
-25
-20
-15
-10
-5
0
 
 32x32 6:1 PUMA Array
 Average Port Isolation
± 1 Standard Deviation (σ)
 Infinite 6:1 PUMA Array
fL fH
E-Plane θ = 45°
(b)
Figure 2.21. 32×32 6:1 PUMA array 45◦ E-Plane orthogonal port isolation (arrows
indicate the direction where the θ = 45◦ scan is applied). (a) 45◦ E-Plane port
isolation distribution map at 4 GHz and 20 GHz; (b) Scatterplot of 45◦ E-Plane port
isolation vs. frequency.
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Figure 2.22. 32×32 6:1 PUMA array 45◦ H-Plane orthogonal port isolation (arrows
indicate the direction where the θ = 45◦ scan is applied). (a) 45◦ H-Plane port
isolation distribution map at 4 GHz and 20 GHz; (b) Scatterplot of 45◦ H-Plane port
isolation vs. frequency.
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radiation characteristics, the polarization levels of the array need to be observed.
Polarization levels of an infinite 6:1 PUMA array are calculated using Ludwig’s 3rd
definition, integrating the Poynting vector over a surface in free space. The unnormal-
ized co-/cross-infinite array embedded element polarized pattern at f = 4, 12 and 20
GHz is shown in Fig. 2.23 in polar format. Concentric circles on each of the patterns
denote scans at θ= 45◦ and θ= 60◦. With these patterns, the full-upper hemisphere
of φ-cuts can be observed. The co-polarized gain remains fairly constant thoughout
the scan volume, particularly for the higher frequency results. The cross-polarized
pattern shows the areas of bad polarization, where higher (more red) denote values of
high cross-polarization. The pattern shows that the worst cross-polarization occurs
in the four D-planes. The best cross-polarization (deepest blue) typically occurs at
broadside (center of polar plot), but is offset slightly due to the asymmetric dipole
arms of the design. The infinite array embedded element pattern cuts for E-/H-/D-
plane cuts is shown in Fig. 2.24 for f = 4, 12 and 20 GHz. The E-/H- plane cuts are
shown in blue and green respectively and the red is for the D-plane. Below θ = 45◦,
the cross-polarized power of the E- and H-plane remain over 15 dB down from the co-
polarized gain. For the D-plane (θ < 45◦) the cross-polarized power remains roughly
15 dB below the co-polarized power for 4 GHz and 12 GHz. At 20 GHz, the cross-
polarized power rises slightly, reducing the separation to approximately 13 dB. The
patterns are not symmetric about θ = 0 because of the inherently asymmetric design
of the PUMA array and unbalanced feeding.
The co-/cross-polarized radiated powers per unit cell as a function of frequency
(normalized to the incident power at the input port) from infinite array analysis
are plotted in Fig. 2.25 for broadside and E-/H-/D-plane scans out to 45◦. The
co-polarized power is seen to remain near 0 dB throughout the entire band with a
maximum drop of 2.7 dB for the D-plane at the high-end, which is largely due to
the VSWR mismatch at the higher scan angles. The cross-polarized power stays
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well below 15 dB for the majority of the band for all curves except the D-plane,
which hovers around 15 dB. Nearing the low-band edge, the cross-polarized power
continually increases in all planes to a peak of about 10 dB due to a sharp rise in
port isolation.
The embedded element pattern in polar form at f = 4, 12 and 20 GHz of a 32
× 32 size array is shown in Fig. 2.26. Some correlation is seen between the infinite
array patterns and the co-/cross- pol. pattern for the 32× 32 array . For example,
for the 20 GHz scans when looking within the θ = 45◦ scan cone, the cross-polarized
power for both the infinite array and 32×32 array is less than -15 dB for the majority
of this scan volume. Also the best polarization is slightly shifted from broadside in
the same area for both array size cases (due to asymmetries) at all three frequencies.
The embedded element pattern cuts for E-/H-/D-plane cuts at f = 4, 12 and 20
GHz is shown in Fig. 2.27 showing more clearly the effects of truncating the array.
Truncation effects are seen to cause ripples in the co-polarized components and dips
in the cross-polarized components due to edge diffraction.. The cross-polarized gain
stays below the co-polarized gain by ≈10-15 dB out to wide angles for the E-/H-plane
at 12 and 20 GHz. The cross-polarized gain for the D-plane rises between θ = 45 to
θ = 60 to a maximum of -4 dB resulting in poor polarization isolation at those scan
values.
The broadside realized gains of three finite PUMA arrays with array size of 8×8,
16×16, and 32×32 are plotted in Fig. 2.28 against the upper bound gain (directivity)
of each finite array. The finite array realized gain includes losses to due the material
properties and mismatches in VSWR and port isolation. For all three array sizes the
realized gain is a maximum of 1 dB below the directivity. This maximum separation
occurs at the lower frequencies where truncation effects are more prevalent due to the
smaller electrical length of the array.
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Figure 2.23. Infinite 6:1 PUMA array co- and cross-polarization (Ludwig’s 3rd
definition) embedded element pattern (full upper hemisphere) at various frequencies.
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Figure 2.24. Infinite 6:1 PUMA array embedded element pattern (co- and cross-
polarized components are shown) for various φ-cuts. (a) 4 GHz; (b) 12 GHz; (c) 20
GHz.
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Figure 2.25. Infinite 6:1 PUMA array co- and cross-polarization (Ludwig’s 3rd
definition) radiated power vs. frequency for broadside and 45◦ scans in various planes.
The 45◦ E-plane scan gains for the three finite PUMA arrays are shown in Fig.
2.29. For the 32×32 array size the gain drops by about 1.5 dB at 13 GHz and 1.9 dB
at 18GHz. These represent the frequencies where the maximum losses are observed
for this array size. The drop in realized gain is largely due to the VSWR mismatch
around these frequencies. In the smaller 8× 8 array size certain values of the gain
exceed the theoretical upper bound resulting from truncation effects.
The 45◦ H-plane scan gains for the three finite PUMA arrays are shown in Fig.
2.30. As seen with the VSWR scatterplots for a 32× 32 array size at this H-plane
scan, the VSWR values are high at frequencies below 17 GHz. This mismatch results
in a realized gain that falls a maximum of 2.4 dB below the ideal directivity. Towards
the upper band edge, the realized gain begins to drop. A rise in port isolation at the
higher frequencies for the 45◦ H-plane is the cause for these losses.
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Figure 2.26. 32 × 32 6:1 PUMA array co- and cross-polarization (Ludwig’s 3rd
definition) embedded element pattern (full upper hemisphere) at various frequencies.
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Figure 2.27. 32× 32 6:1 PUMA array embedded element pattern (co- and cross-
polarized components are shown) for various φ-cuts. (a) 4 GHz; (b) 12 GHz; (c) 20
GHz.
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54
Frequency [GHz]
3 5 7 9 11 13 15 17 19 21
45
°  H
-P
la
ne
 S
ca
n 
G
ai
n 
[d
B]
0
4
8
12
16
20
24
28
32
36
fL fH
8x8 Array
16x16 Array
32x32 Array
T  (1-|S21|  )(1-|S11|  )ε   ε
2 2where  ε   = dc
 Directivity (    )4πA 2λ
 Finite Array Gain (        )4πA 2λ  εT  
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2.5.4 Conclusion
This chapter introduced the new low-cost dual-polarized 6:1 Planar Ultrawide-
band Modular Antenna (PUMA) array capable of fully operating to the grating lobe
frequency. Geometric parameters and dimensions for the final optimized array design
were shown. The enabling modification which lead to the increase bandwidth were
discussed. Impedance and port isolation performance, and far-field properties were
shown for finite array analysis and compared with infinite array predictions.
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CHAPTER 3
POLARIZATION PROPERTIES OF FINITE
ULTRAWIDEBAND ARRAYS
3.1 Introduction
Having good polarization purity is crucial for scanning arrays. Arrays with good
cross-polarization are desirable for both communication or remote sensing applica-
tions. For a communication scenario, the received power from a transmitter is a
function of the polarization loss factor. The power loss due to mismatch in polariza-
tion can reduce the ability of a communcation system to receive a transmission due
to distortion. Similarly for a remote sensing scenario distortion caused by polariza-
tion mismatch affects the ability of the system to detect or not detect (false target
identification) certain targets.
Electronically scanned arrays (ESA) do not rely on mechanical fixtures to steer
the main beam and instead the beam is steered by altering the phase of the emitted
signal with multi-beam operation possible. The polarization purity or polarization
isolation is known to degrade with scanning (θ0). ESA-based tracking systems and
dual-polarization radar systems rely on both the received co-polarized signal/target
data and the orthogonal cross-polarized field data for increasing clutter rejection,
target identification or even the resolution [42]. A poor polarization isolation could
lead to dropped tracking or false target identification. This becomes even more critical
for multifunctional RF systems that depend on one or more ESAs to perform many
(if not all) shipboard RF functions. In either scenario, if a dual-polarized array is
used, poor polarization mismatch can be corrected by adjusting the magnitude and
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phase of the orthgonal ports. This option becomes impractical in high instantaneous
bandwidth arrays because expensive time delay units (TDU) are necessary in each
port. For arrays with these large bandwidth, an understanding of the polarization
properties becomes fundamental to the performance of the entire system.
Typically researchers design arrays using infinite array unit cell simulators. Good
impedance and polarization performance are desired design goals. However infinite
array analysis does not always correlate well with finite array results due to trun-
cation and edge element effects. Finite array truncation effects on the impedance
performance of an array have been previously studied [43, 44]. The benefits of mu-
tual coupling in large arrays with wide bandwidth are shown to have an impact on
impedance performance. Low-end impedance performance of finite arrays are shown
to have the greatest deviation from infinite array impedance predictions. For printed
arrays, the cause of truncation effects have been largely attributed to array guided
surface waves (AGSWs) [41], which are exacerbated at the edge elements, especially
for smaller array sizes. The existence of AGSWs have been demonstrated in finite
arrays in free-space and over a ground plane. These truncation effects become more
severe for arrays designed with multiple dielectric layers [45]. It has also been demon-
strated that arrays with large bandwidths are more susceptible to truncation effects
because of the increase in edge-born waves and should be analyzed with a larger finite
array size to capture the impedance performance of the array [46, 47]. The effects
of array size on the embedded element gain and efficiency have also been examined
[48, 49]. With all this research focused on truncation effects, little emphasis has been
placed on finite array truncation effects on polarization. This chapter examines po-
larization isolation of finite arrays, the best method for quantifying polarization of
finite arrays, and whether infinite array approximation is reasonable for polarization
isolation.
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3.2 Approaches for Determining Array Polarization
There are two accepted approaches for quantifying the polarization of a finite
array. The first approach requires the phased excitation of all antenna elements (of a
single-polarization) of an array with a beamforming network. This approach is termed
the“full-array approach” and is depicted in Fig. 3.1(a). For this approach, the array
is scanned to a desired location and the polarization properties are determined by
observing the co-/cross- patterns at the location of the main beam. This approach
represents the actual array field deployment situation but is either expensive (multiple
T/R modules required) or very slow in the case where array far-field is produced by
the vectorial summation of all embedded element patterns. Moreover, each scan
scenario only gives information about the polarization at a single point of the scan
volume.
The second, more common approach is the “central embedded element approxima-
tion” illustrated in Fig. 3.1(b). In this arrangment, a single central element is excited
(with all other ports terminated in a matched load) and the polarization levels are
observed at the desired scan angle of the co-/cross- embedded element patterns. This
approach is widely used in experimental setups due to its simplicity, expediency, and
affordability. Although simple, the central embedded element approximation, is only
approximate and does not represent the genuine deployment situation.
The full-array approach and the embedded element approximation are two ways to
determine finite array properties. Researchers and designers typically rely on infinite
array simulations to obtain properties of an array. The infinite array approximation
does not account for edge effects of a finite array. This poses the question of whether
the central embedded element approximation, which is only an approximation of
the full-array characteristics, is sufficient in providing data about the polarization
purity of finite ultrawideband (UWB) arrays, and if the commonly used infinite array
analysis correlates to those approaches?
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Figure 3.1. Common approaches used to determine the polarization properties of
an array. (a) Fully excited array; (b) Central embedded element; (c) Infinite array
approximation.
The antenna figure-of-merit which characterizes the polarization purity of an an-
tenna array is the polarization ratio (PR) or polarization isolation or polarization
rejection, which takes into account the levels of the co-polarized electric field and
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cross-polarized electric field. It is important to observe the isolation between these
two quantities instead of just the cross-polarized component because the co-polarized
power diminish significantly at wide scan angles. Polarization ratio of an antenna
array is defined as the ratio of the unwanted cross-polarized electric field component
(Ecx) to the desired electric field component (Eco). Ludwig’s 3
rd definition (L3D)
of cross-polarization is used as the basis for interpreting the co-/cross-polarization
levels. This ratio indicates the isolation between the co-/cross-polarized levels. It is
defined mathematical as:
PRL3D(f, θ, φ) =
|Ecx,L3D(f, θ, φ)|
|Eco,L3D(f, θ, φ)| , (3.1)
where f represents the operating frequency, θ and φ are the elevation angles and
scanning azimuthal angles, and Eco and Ecx are the co-/cross-polarized radiated field
at the appropriate Ludwig’s definition. When the polarization ratio is expressed in
decibels (dB), lower PR is desirable.
In order to illustrate the polarization ratio acquired from the central embedded
element approach, an example embedded element pattern cut is portrayed in Fig. 3.2.
The top portion of the figure shows the co- and cross-polarized embedded element gain
for various array sizes. Using this single cut, the polarization ratio can be determined
anywhere along that φ-cut, as demonstrated in the bottom half of Fig. 3.2. Using
the full-array approach, the polarization ratio can only be calculated at discrete scan
points as illustrated in Fig. 3.3. Each data point requires the array to be scan to a
new location and reanalyzed.
3.3 Ultrawideband Arrays Structures
Analysis of the finite array polarization performance was characterized for two 6:1
UWB array types. The first array type analyzed was a Vivaldi (flared-notch) array,
which is well-known to have poor polarization isolation in the non-principal planes
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Figure 3.2. Pictorial view of how polarization ratio is obtained from embedded
element patterns of an exemplary array with various sizes (Embedded Element Ap-
proximation).
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Figure 3.3. Pictorial view of how polarization ratio is obtained from scan patterns
of an exemplary array with various sizes (Full-Array Approach).
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and tall profile. A single-polarized and dual-polarized Vivaldi array configuration
with and without a infinite ground plane were investigated to examine the variation
in finite array effects on each one. The second array type examined was the 6:1
Planar Ultrawideband Modular Antenna (PUMA) array. The PUMA array has a
low-profile design differing from the Vivaldi array. As shown in the previous chapter,
the PUMA array is made up of a dual-polarized configuration of tightly coupled dipole
and inherently designed with a ground plane backing. The operating frequency of all
arrays were 3.53-21.2GHz (6:1 bandwidth) and have the same element spacing (i.e.
same grating lobe frequency). An isometric view of each array is shown in Fig. 3.4.
The corresponding infinite array impedance performance is shown in Fig. 3.5. All
arrays have a broadside VSWR < 2.2 and VSWR< 2.6 within the 45◦ scan cone. In
this chapter, polarization analysis from infinite array results will be compared with
finite array results for array sizes of 8× 8, 16× 16, and 32× 32.
3.4 Results
The polarization ratio of these arrays will be shown as a function of scan angle
and frequency. The polarization ratio as a function of scan angle will show the
amount of degradation each array experiences while scanning. Since these arrays are
ultrawideband, it is also important to observe the polarzation properties as a function
of frequency as well. For the frequency analysis, a static scan angle of φ = 45◦, θ = 45◦
will be used. Results will be shown for the finite array obtained from the full-array
approach and embedded element approximation as well as infinite array simulations.
Infinite array simulations were conducted using Ansys HFSS full-wave simulator
[39]. Finite array numerical results were determined using a Domain Decomposition
Finite Element Method (DD-FEM) [40]. Finite array simulations were setup in the
same configuration as described in the previous chapter, with a λg/2 perimeter of air
surrounding the array and an area of air above the array with a vertical distance of
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Figure 3.4. Five types of UWB arrays used in the finite array polarization study
(only 8x8 arrays are shown for brevity). (a) Single-polarized Vivaldi with and without
ground plane; (b) Dual-polarized Vivaldi with and without ground plane; (c) Dual-
polarized PUMA with ground plane.
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Figure 3.5. VSWR for broadside, 45◦ E-plane, and 45◦ H-plane. (a) Single-polarized
Vivaldi with and without ground plane; (b) Dual-polarized Vivaldi with and without
ground plane; (c) Dual-polarized PUMA with ground plane.
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3λg to the top radiation surface. For all finite array analysis, y-directed element(s)
were excited, with any unused port terminated in a 50Ω matched load.
3.4.1 Polarization Ratio Pattern (Full Upper Hemisphere)
The polarization ratio for all scans in the upper hemisphere will be presented in
this section. The polarization ratio pattern for the full upper hemisphere obtained
from the element embedded element approach are shown in Figs. 3.6-3.8 in polar
format at 20 GHz. The PR patterns display the ratio of the co-polarized to the cross-
polarized for all scan values in the forward hemisphere (i.e. θ < 90◦). On the PR
patterns, the outer axis shows the various φ values, while concentric circles on each
of the patterns denotes scans at θ = 45◦ and θ = 60◦. For these PR pattern plots,
poor cross-polarization is identified where the pattern is more red.
The polarization ratio patterns for the single-polarized Vivaldi array with and
without a ground plane is shown in Fig. 3.6. The infinite array results are shown in
the top row and results from a 32×32 array size are shown on bottom. Infinite array
PR patterns of the single-polarized Vivaldi with and without a ground plane show
almost identical patterns. No ripple-like behavior is seen in any of the scan planes
for the infinite array. The PR pattern for the 32× 32 single-polarized Vivaldi with
ground plane exhibits ripples in ever φ plane, with the most severe ripples occurring
away from the principal E-/H-planes. The PR pattern for the 32×32 single-polarized
Vivaldi without ground plane shows an acceptable amount of agreement with infinite
array results. Inside the θ = 60◦ circle shows the best agreement.
The PR patterns for the dual-polarized Vivaldi with and without a ground plane
is shown in Fig. 3.7 for 20 GHz. As with the single-polarized case, the infinite array
PR patterns provide near identical patterns for the dual-polarized Vivaldi with and
without a ground plane. The PR pattern for the 32×32 dual-polarized Vivaldi array
with ground plane reveals severe ripples for all scan cases. Comparing this pattern
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Figure 3.6. Polarization ratio embedded element pattern for single-polarized Vivaldi
array at 20 GHz.
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Figure 3.7. Polarization ratio embedded element pattern for dual-polarized Vivaldi
array at 20 GHz.
with the equivalent single-polarized case, it can be seen that the ripples start to occur
closer to broadside. The dual-polarized Vivaldi without a ground plane provides more
agreement with infinite array results, but primarily for θ < 60◦. Outside the θ = 60◦,
the agreement is not as strong particularly for the non-principal scan planes.
The PR pattern for the PUMA array at 20 GHz is shown in Fig. 3.8. Consistent
with the previous analysis, infinite array PR pattern shows no ripples for any portion
of the scan volume. Given the asymmetric layout of the PUMA array elements, infi-
nite array PR pattern indicates that the best polarization is not directly at broadside.
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Figure 3.8. Polarization ratio embedded element pattern for PUMA array at 20
GHz.
Though the worst PR values are still seen along the D-planes. The PR pattern for a
32× 32 PUMA array is displayed in the bottom half of the figure. Ripples that are
considerably more severe than any seen for the finite Vivaldi arrays are present for
the finite PUMA array.
3.4.2 Polarization Ratio vs. Elevation Angle
Results in this section will show the polarization ratio as a function of elevation
angle for the arrays discussed previously. The simulations were conducted at 20 GHz,
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which represents approximately 95% of the grating lobe frequency. The polarization
ratio of these arrays will be quantified using the full-array approach and embedded
element approach and compared with infinite array results. The results shown in this
section are for φ = 45◦ (D-plane) since for dual-polarized designs it is the plane where
the worst polarization occurs. For single-polarized designs it was found the the worst
polarization depends on the Dx/Dy, and does not always occur at the φ = 45◦ plane.
Although this is the case for single-polarized designs, the results are still shown at
φ = 45◦ (D-plane) for consistency with the dual-polarized cases and the fact that the
results don’t differ all that much between the φ-cuts near the D-plane. Infinite array
results will be shown in black and compared with array sizes of 8×8, 16×16, and 32
× 32.
The polarization ratio as a function of elevation angle for a single-polarized Vivaldi
array with and without a ground plane obtained using the full-array approach and
embedded element approach is shown in Fig. 3.9. The first thing to notice is that
the polarization ratio for the single-polarized Vivaldi array increases (gets worst) as
it is scanned further from broadside and that at wide scan angles the polarization
ratio is so high that it could not be used at all. Comparing the two approaches
for determining array polarization shows that both provide a worthy resemblance
to infinite array results for all array sizes, with the full-array approach providing
a slightly better agreement. It is important to note that the embedded element
approach for the single-polarized Vivaldi with ground plane gives rise to small ripples
at various scan angles. These ripples in the PR are caused by the presence of ripples
in the co- and cross-polarized patterns. The ripples are most severe for the wider
scan values and the larger 32× 32 array size. Using the full-array approach seems to
eliminate the occurrence of the ripples for the single-polarized Vivaldi with ground
plane, except for the 32× 32 array size. In comparison, the single-polarized Vivaldi
without the presence of a ground plane gives rise to zero ripples or spikes when using
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Figure 3.9. Polarization ratio vs. elevation angle at φ = 45◦ D-plane of single-
polarized Vivaldi array with and without a ground plane for various array sizes at
20GHz obtained from full-array approach and embedded element approach.
either approaches. The inclusion of a ground plane adds small ripples to the pattern,
but good correlation is still seen with the infinite array results for both the full-array
approach and embedded element approach.
The same comparison is shown in Fig. 3.10 for a dual-polarized Vivaldi configu-
ration with and without a ground plane. As seen with the single-polarized case, the
polarization ratio for the dual-polarized Vivaldi increases with scan angle (although
slightly better by about 5dB). Observing the polarization ratio obtained from the
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embedded element approximation shows that the move from single-polarized to dual-
polarized configuration increases the severity and occurrence of the ripples for the
ground plane case. The ripples affect all scan values and all array sizes. This is in
contrast to the single-polarized case where the ripples were predominantly present
only at the wider scan angles and for the larger 32× 32 array size. Moving to the
full-array approach eliminates the ripples and gives the dual-polarized Vivaldi with
ground plane a much better correlation with infinite array results, albeit with small
dips and spikes for the 32× 32 array size.
The dual-polarized Vivaldi array without the presence of a ground plane provides a
similar match for both approaches. Overall the full-array approach produces a tighter
match with infinite array results. Although there is a small amount of deviation using
the embedded element approach, both approaches are clearly suitable for analyzing
the polarization properties of an array without the presence of a ground plane at this
frequency.
The plots of the φ = 45◦ D-plane polarization ratio versus elevation for the PUMA
array are shown in the left half of Fig. 3.11. The results show that the polarization
ratio of the PUMA array is much better than any of the Vivaldi arrys. Also impor-
tant to note that the rate at which the polarization ratio increases with scan angle
is much smaller than the Vivaldi arrays. Severe ripples can be seen for the polar-
ization ratio obtained from the embedded element approach. At the extremes, the
polarization ratio deviates over 20 dB from the infinite array results. When observing
the polarization ratio obtained from the full-array approach, the ripples have been
replaced with two large spikes around θ = 35◦ and θ = 50◦. At small scan values
(θ < 20◦), no spikes are present. These large spikes makes correlation with infinite
array results unpractical. The likely cause of the variation is the asymmetry of the
PUMA array and the unbalanced fed nature of the array. Averaging the PR values
across the four D-planes eliminates the spikes from the full-array approach and gives
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Figure 3.10. Polarization ratio vs. elevation angle at φ = 45◦ D-plane of dual-
polarized Vivaldi array with and without a ground plane for various array sizes at
20GHz obtained from full-array approach and embedded element approach.
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Figure 3.11. φ = 45◦ D-plane polarization ratio vs. elevation angle at D-plane of
PUMA array for various array sizes at 20GHz obtained from full-array approach and
embedded element approach. (The right column shows the effect of looking at the
average among all four D-plane directions.)
74
a better correlation with infinite array predictions for both approaches. The data
from the infinite array is also average among the four D-planes. The comparison is
shown in the right half of Fig. 3.11. For the embedded element approach, averaging
reduces the severity of the variations. The full-array approach indicates a overall
better polarization ratio values over the range of scan angles, but it does seem that as
the size of the array increases, the values begin to approach the infinite array. From
the average D-plane case, it is seen that the finite array polarization ratio is slightly
higher than the infinite array predictions for almost all scan values.
3.4.3 Polarization Ratio vs. Elevation Angle and Frequency
The previous results were shown for the PR pattern for different elevation angles in
the φ = 45◦ D-plane for the arrays operating at 20 GHz. To observe other frequencies,
a pattern plot of the φ = 45◦ D-plane polarization ratio vs. elevation angle and
frequency obtained from the embedded element approach will be shown in this section.
The dual-polarized Vivaldi array will be compared with the dual-polarized PUMA
array. Fig. 3.12 shows the polarization ratio vs. elevation angle and frequency for
a dual-polarized Vivaldi array without a ground plane. The pattern shows that the
polarization ratio gets worst as the frequency increases, particularly at wider scan
angles. It also shows no significant ripples/variations for any of the frequencies.
The same pattern is shown in Fig. 3.13 for the dual-polarized Vivaldi with ground
plane. Ripples/variations do appear for the with ground plane case of the dual-
polarized Vivaldi array. The ripples are believed to be caused by waves propagating
along the edges of the array and has an effect when the electrical length of the profile
becomes large. The addition of ground plane increases the effective electrical length
of the profile of the array edge. The waves propagating along the array edge can be
represented by an array factor which is a function of the array size. Fig. 3.14 shows
an overlay of the array factor on the pattern for the dual-polarized Vivaldi array with
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Figure 3.12. φ = 45◦ D-plane polarization ratio vs. elevation angle and frequency for
32× 32 dual-polarized Vivaldi array without ground plane obtained from embedded
element approach.
ground plane, showing only where the array factor reaches a maximum value. The
figure shows that the periodictiy of the array factor maximums correlate with the
ripples/variations present in the PR pattern. Comparing with the PR pattern for the
PUMA array shown in Fig. 3.15, the variations in PR pattern are much smaller.
3.4.4 Polarization Ratio vs. Frequency
This section will compare the infinite and finite array polarization ratio across the
operating band of the arrays for a single scan direction. A θ = 45◦ scan in the φ = 45◦
D-plane is chosen for the single scan direction. In each figure, the polarization ratio
as a function of frequency will be presented for 3-21 GHz. Each figure will start with
the polarization ratio produced by the full-array approach followed by the embedded
element approach, with infinite array results shown in black.
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Figure 3.13. φ = 45◦ D-plane polarization ratio vs. elevation angle and frequency
for 32× 32 dual-polarized Vivaldi array with ground plane obtained from embedded
element approach.
The comparison of the polarization ratio versus frequency for a single-polarized
Vivaldi array with ground plane is shown on the left side of Fig. 3.16. For the full-
array approach, the finite array sizes correlate well with infinite array results, but the
largest 32×32 does not provide the best correlation. While the PR for the 8×8 and
16× 16 seem to rise and fall near the same frequencies as the infinite array results,
the 32× 32 array does not. Excluding a few frequency points, the best correlation
seem to occur at frequencies above midband (i.e. 12 GHz). A rippling effect again
seems to come into play, resulting in a PR that is higher than infinite array results at
certain frequencies and lower at others, deviating by as much as 5 dB. The embedded
element approach for this case does not seem to correlate well with the infinite array.
Deviations from the infinite array results is as high as 15 dB.
The corresponding results for the single-polarized Vivaldi array without ground
plane is shown on the right side of Fig. 3.16. The full-array approach provides a
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Figure 3.14. φ = 45◦ D-plane polarization ratio vs. elevation angle and frequency
for 32× 32 dual-polarized Vivaldi array with ground plane obtained from embedded
element approach overlayed with an array factor representing waves reflecting from
the edges of the finite array.
Figure 3.15. Polarization ratio vs. elevation angle and frequency for 32×32 PUMA
array obtained from embedded element approach.
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Figure 3.16. Single-polarized Vivaldi array polarization ratio vs. frequency at
45◦ scan in D-plane for various array sizes obtained from full-array approach and
embedded element approach.
close match with the infinite array for frequency above midband for all array sizes.
Below these frequencies, the full-array indicates a polarization ratio that is somewhat
higher than the infinite array results. All finite array results indicate near identical
match with each other, indicating a larger array is not needed to better approximate
the polarization properties, at least for a single-polarized Vivaldi without a ground
plane. Moving to the embedded element approach, it is seen that although results do
not correlate as well as the full-array approach, does provide a strong match.
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Figure 3.17. Dual-polarized Vivaldi array polarization ratio vs. frequency at 45◦
scan in D-plane for various array sizes obtained from full-array approach and embed-
ded element approach.
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Figure 3.18. PUMA array polarization ratio vs. frequency at 45◦ scan in D-plane
for various array sizes obtained from full-array approach and embedded element ap-
proach.
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The frequency analysis of the polarization properties of a dual-polarized Vivaldi
array with the presence ground plane is shown on the left portion of Fig. 3.17. The
full-array approach shows ripples for all finite array sizes. The number of ripples
increase as the size of the array is increased. Although the deviation from infinite
array results is greater than the single-polarized case, the full-array approach still
provides the best correlation with infinite array results. For the dual-polarized Vivaldi
case with ground plane from embedded element approach, the ripples have increased
significantly in size and quantity when compared with the equivalent single-polarized
case. The deviation from the infinite array is over 25 dB at various frequencies. The
embedded element does not provide at good match with the infinite array results for
any of the array sizes.
The same frequency analysis of the dual-polarized configuration without a ground
plane is shown on the right portion of Fig. 3.17. The full-array approach provides
a good correlation with infinite array results at the high frequencies. At the low
frequencies there is up to 8 dB of deviation from infinite array results. The deviation
was much smaller for the single-polarized equivalent case, indicating that the dual-
polarized configuration is more susceptible to ripples. Looking at the embedded
element approach for the dual-polarized Vivaldi array without ground plane, it is
seen where for the single-polarized case there was virtually no ripples when there was
no ground plane, the dual-polarized case does have a small ripples present. Even
with that in mind, the embedded element approach seems capable of quantifying the
polarization properties of an array without the presence of a ground plane.
The 45D-plane polarization ratio versus frequency for the PUMA array is shown in
the left half of Fig. 3.18. For the full-array approach, finite array results dip at various
frequencies indicating a better polarization values than infinite array prediction. The
polarization ratio obtained from the embedded element shows large ripples at various
frequencies deviating as much as 15 dB from the infinite array. As with mentioned
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previously, these results for the PUMA array should be average among the four D-
plane because of the unbalanced fed nature of the PUMA array. Averaging the
infinite and finite array results is shown in the right half of Fig. 3.18. Observing the
average D, θ = 45◦ values indicates that the fluctuation in the finite array results is
diminished. For the full-array approach, each array size consistently shows a better
polarization ratio value than the infinite array. This is in contrast with the embedded
element approach where the larger 32× 32 array size indicates a worst polarization
isolation than the infinite array or smaller array sizes. As with the analysis of the
polarization ratio vs. elevation angle, the full-array approach correlates better, and
converges to the infinite array whereas the embedded element approximation does
not show those features.
3.5 Conclusion
In this chapter, approaches for determining finite array polarization was discussed.
These approaches were used to analyze the polarization properties of various Vivaldi
arrays and the PUMA array. Each were compared with infinite array approximation,
with the full-array approach showing better correlation overall, leading us to believe
that the embedded element approximation may not always be reliable in quantifying
the PR performance of UWB arrays.
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CHAPTER 4
PLANAR ULTRAWIDEBAND MODULAR ANTENNA
(PUMA) WAVELENGTH-SCALED ARRAY
4.1 Introduction
Traditional ultrawideband (UWB) single-element based arrays offers multifunc-
tional operation, multi-beam capability, high gain, and agile beam scanning. However
the high cost of these arrays have prevented widespread adoption. The wavelength-
scaled array (WSA) concept alleviates the cost by reducing the number of elements
in the array, but keeping the array footprint unchanged. This allows the gain of the
the wavelength-scaled array to be comparable to that of a traditional single-element
based array. The wavelength-scaled array concept involves scaling multiple elements
of the array in size from its highest frequency to significantly reduce the total number
of elements in the array.
As discussed previously, the PUMA array represents a low-cost array embodiment
with its planar PCB design, low-profile, and modular design. Combined with the
wavelength-scaled concept further increases the low-cost appeal of this array type.
The implementation of a wavelength-scaled array of PUMA elements began with the
development of a 6:1 PUMA element scaled 200% in size. The infinite array numerical
results of the resulting 3:1 PUMA element will be presented and combined with the
6:1 PUMA element in a wavelength-scaled array implementation which results in 56%
fewer elements than the traditional 6:1 PUMA array, while retaining the same array
footprint. Impedance and polarization analysis of the PUMA wavelength-scaled array
will be provided.
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4.2 Wavelength-Scaled Array Concept
4.2.1 Wavelength-Scaled Array Implementations
The wavelength-scaled array architecture involves replacing portions of the array
with scaled elements to reduce the amount of overall elements in the array while re-
taining the same array footprint. The concept is based on the assumption that the
aperture is oversampled for the lower frequencies. Possible WSA implementation are
shown in Figs. 4.1(b)-4.1(d). A traditional 16 × 16 array comprised completely of
6:1 PUMA array elements is shown in Fig. 4.1(a). This results in an array with 256
elements per polarization. The ‘side-by-side’ WSA implementation involves replacing
half the area of a traditional 6:1 PUMA array with scaled elements. This results in
a 38% element reduction (per polarization). The ‘concentric’ WSA implementation
keeps the center of the wavelength-scaled array as 6:1 PUMA array elements. If a
quarter of the total array is kept as 6:1 PUMA elements and the remaining portion
of the array utilizes scaled elements (as shown in Fig. 4.1(c)), this implementation
achieves a element reduction (per polarization) of 56%. The advantages of this con-
figuration is that the array has a common array center and the geometry remains
symmetric. The ‘L-shape’ implementation keeps one of the corner sub-arrays (repre-
senting 1/4 the array area) as 6:1 PUMA elements and replaces the rest with scaled
elements, resulting in 56% fewer elements (per polarization) for this configuration.
4.2.2 Excitation of Wavelength-Scaled Array
A PUMA wavelength-scaled array based off of the 6:1 PUMA array has an oper-
ating frequency range of 3.53-21.2GHz. Portions of the wavelength-scaled array are
excited based on the frequency of operation. For the frequencies below the grating
lobe of the scaled element (fg2), the entire PUMA wavelength-scaled array is utilized
as shown in Fig. 4.2(a). The weights given to each array type is different when
utilizing the entire array. The 6:1 PUMA element represents a quarter of the area of
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Conventional Array (16x16)
256 Elements/Polarization
(a)
200% Scaled 
Element Portion
Side-by-Side Two-Tier WSA
160 Elements/Polarization
(b)
200% Scaled 
Element Portion
Concentric Two-Tier WSA
112 Elements/Polarization
(c)
200% Scaled 
Element Portion
L-Shape Two-Tier  WSA
112 Elements/Polarization
(d)
Figure 4.1. Comparison of elements count of conventional array with possible imple-
mentations of a two-tier wavelength-scaled array. (a) Conventional; (b) Side-by-Side;
(c) Concentric; (d) L-Shape.
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Figure 4.2. Frequency allocation scheme among WSA tiers (2-tier example shown,
red regions indicates excited elements). (a) Operating below fg2 = 10.6GHz; (b)
Operating above fg2 = 10.6GHz.
the scaled element (assuming the element is scaled 200%). To keep the power den-
sity consistent, the 6:1 PUMA elements are excited with one fourth the power of the
scaled elements. Above fg2, only the 6:1 PUMA elements are excited as referenced in
Fig. 4.2(b).
4.3 Scaled Element (3:1 PUMA Array)
Before implementing the wavelength-scaled array, a scaled version of the 6:1
PUMA array is need. The 6:1 PUMA element was scaled 200% uniformly in size.
This changed the grating lobe freqency from fg1 = 21.2GHz to fg2 = 10.6GHz. The
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0.33λg2
3:1 PUMA Element
(3.53 - 10.6 GHz)
6:1 PUMA Element
(3.53 - 21.2 GHz)
0.48λg1
Figure 4.3. Comparison of the 6:1 PUMA and 3:1 PUMA unit cell and element
geometries.
profile of the scaled element was carefully reduced to accomodate standard dielectric
thicknesses in a 3:1 bandwidth design operating from 3.53-10.6 GHz with VSWR <
2. A comparison of the two array elements is shown in Fig. 4.3. The 3:1 design in-
corporates an additional substrate layer (totaling six dielectric layers) and additional
set of ribs as shown in Fig. 4.4(b). Since a wide bandwidth was not neccessary,
many of the features used to increase the bandwidth of the 6:1 PUMA array are not
present in the scaled version. This includes offsetting the loaded via structure and
thicker dipole traces. All design parameters meet fabrication tolerances offered by
several PCB manufacturers. The final (optimized) values of each parameter for the
3:1 PUMA array are listed in Table 4.1.
4.3.1 Impedance Performance
The VSWR versus frequency of an infinite 3:1 PUMA array for broadside and
various scan angles in the E- and H- planes is shown in Fig. 4.5. The two vertical
lines denoted fL and fH indicate respectively the low (3.53 GHz) and high (10.6 GHz)
band edges for a 3:1 bandwidth. The high band edge coincides with the grating lobe
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Table 4.1. 3:1 Dual-pol. PUMA array geometric parameters & dimensions
Dx [mm] Dy [mm] Dz [mm] Rd [mm]
14.17 14.17 9.29 5.18
t1 [mm] t2 [mm] t3 [mm] t4 [mm]
1.27 (50 mils) 1.016 (40 mils) 2.54 (100 mils) 2.54 (100 mils)
t5 [mm] t6 [mm] tb [mm] td [mm]
0.127 (5 mils) 1.27 (50 mils) 0.066 (2.6 mils) 0.0559 (2.2 mils)
W1 [mm] W2 [mm] W3 [mm] W4 [mm]
0.609 0.889 1.422 2.209
L1 [mm] L2 [mm] L3 [mm] L4 [mm]
2.942 5.375 0.733 3.166
L5 [mm] (r1) (r2) (r3)
4.171 (10.2, 0.0027)1 (1.96, 0.0019)2 (1.96, 0.0019)2
(r4) (r5) (r6) (rb)
(1.96, 0.0019)2 (1.96, 0.0019)2 (1.96, 0.0019)2 (2.8, 0.002)3
(rxf ) c1 [mm] c2 [mm] c3 [mm]
(2.08, 0.001)4 0.287 (11.3 mils) 3.007 (118.4 mils) 3.363 (132.4 mils)
g [mm] df [mm] dp [mm]] Sx = Sy [mm]
0.152 (6 mils) 1.016 (40 mils) 2.032 (80 mils) 0 (no offset)
tBT [mm] tMB [mm] dxf1 [mm] dxf2 [mm]
0.094 1.91 0.91 3.35
tR [mm]
0.017 (0.7mil)
1Rogers RO3210, 2Rogers RT/duroid 5880LZ, 3Arlon GenClad 280, 4Teflon
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Figure 4.4. 3:1 PUMA array topology showing the most important design dimension
variables. (a) Top view of all metallized components and perforated substrate of a
3× 3× 2 sub-array (superstrate layers are not shown for clarity); (b) Cross-sectional
view displaying metallizations and via connections along with the dielectric stack-up.
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frequency (fg2) of the 3:1 design. Infinite array simulation results suggest a broadside
VSWR < 2 and 45◦ E-/H-plane VSWR < 2.7. All results are referenced to Zo = 50
Ω.
Finite array results for the 3:1 PUMA array are shown for a 16× 16 array size,
equivalent in area to a 32× 32 6:1 PUMA array. Stimulated broadside VSWR dis-
tribution maps with all its y-polarized elements excited is shown in Fig. 4.6(a) for
4 GHz and 10 GHz. Multiple standing wave patterns are observed in the 4 GHz
distribution map, inflating the VSWR of certain elements to around VSWR 3. A
scatterplot of broadside VSWR for every active element as a function of frequency is
shown in Fig. 4.6(b). Average finite array VSWR value for each frequency is denoted
by a blue diamond whereas the ±1 standard deviation is indicated with crosses. The
average VSWR values matches well with infinite array results better at the higher
frequency, indicating less truncation effects at those frequencies. However at the lower
frequencies, the infinite array results still fall within one standard deviation of the
average.
4.3.2 Orthogonal Port Isolation
The 3:1 PUMA infinite array orthogonal port isolation versus frequency for broad-
side and various scan angles in the E- and H- planes is shown in Fig. 4.7. The
infinite array orthogonal port isolation remains below 17 dB, suggesting good active
impedance and polarization purity. The worst port isolation occurs near the grating
lobe frequency, when scanning in the H-plane. The low frequency port isolation values
remain below 25 dB for both principal scan planes.
Broadside port isolation distribution maps for a 16×16 array size (y-polarized) is
shown in Fig. 4.8(a) for 4 GHz and 10 GHz. Individual port isolation values of each
element of a 16×16 size array is shown for various frequencies in Fig. 4.8(b). Infinite
array broadside port isolation are overlayed on the scatterplot. A worst port isolation
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Figure 4.5. Infinite 3:1 PUMA array VSWR vs. frequency for broadside and various
scan angles. (a) E-plane scan; (b) H-plane scan.
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Figure 4.6. 16×16 3:1 PUMA array broadside VSWR. (a) Broadside VSWR distri-
bution map at 4 GHz and 10 GHz; (b) Scatterplot of broadside VSWR vs. frequency.
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match with infinite array results can be seen at the lower frequency, falling slightly
outside one standard deviation from the mean value. Beyond that, the average finite
array port isolation matches well with infinite array results.
4.3.3 Far-Field
The co-/cross-polarized radiated powers per unit cell as a function of frequency
are plotted in Fig. 4.9 for broadside and E-/H-/D-plane scans out to 45◦. The co-
polarized power is seen to remain near 0 dB throughout the entire operating band.
The cross-polarized power stays well below 15 dB for the majority of the band for all
curves except the D-plane. The D-plane cross-polarized hovers around 15 dB similar
in value to the 6:1 PUMA array results. The cross-polarized power begins to rise for
the E-plane scan towards the high band edge, reaching about -17 dB.
The broadside realized embedded element gain is plotted against the ideal direc-
tivity in Fig. 4.10. The realized gain incorporates the mismatch, orthogonal port
isolation, and dielectric/conductor losses into the calculation. The realized gain re-
mains nearly even with the ideal directivity for almost the entirety of the band.
Realized gain drops by approximately 0.5 dB near the grating lobe frequency due
primarily to the rise of the orthogonal port isolation at those frequencies.
4.4 PUMA Wavelength-Scaled Array
The L-shape WSA configuration was chosen for a PUMA wavelength-scaled array
implementation. A top view of the PUMA wavelength-scaled array is shown in Fig.
4.11. This configuration was chosen because in comparison with the ‘concentric’ con-
figuration it has only two interfaces involving a discontinuity between the 6:1 PUMA
elements and 3:1 PUMA elements with the same element reduction as the ‘concentric’
configuration. The interface between these two PUMA elements is illustrated in Fig.
4.12.
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Figure 4.7. Infinite 3:1 PUMA array orthogonal port isolation vs. frequency for
broadside and various scan angles. (a) E-plane scan; (b) H-plane scan.
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Figure 4.8. 16×16 3:1 PUMA array broadside orthogonal port isolation. (a) Broad-
side port isolation distribution map at 4 GHz and 10 GHz; (b) Scatterplot of broadside
port isolation vs. frequency.
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6:1 bandwidth
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Figure 4.11. Subarray view of a PUMA wavelength-scaled array consisting of a 8×
8 6:1 PUMA subarray with three 4×4 3:1 PUMA subarrays.
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0.33λg2
3:1 PUMA Element
Figure 4.12. Top view and side view illustrating the interface between the 3:1
PUMA array elements with the 6:1 PUMA array elements.
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4.4.1 Finite Array Impedance Performance
The broadside VSWR distribution maps of the PUMA wavelength-scaled array
with y-polarized elements excited is shown in Figs. 4.13-4.14 for various frequencies.
The array is comprised of three 8×8 3:1 PUMA sub-arrays with one 16×16 6:1 PUMA
sub-array in a L-shape wavelength-scaled array configuration. This is equivalent in
area to a 32 × 32 traditional 6:1 PUMA array or a 16 × 16 traditional 3:1 PUMA
array. When the entire array is utilized (frequencies below fg2), the worst individual
VSWR values are observed at the interfaces between the 3:1 and 6:1 PUMA elements.
A scatterplot of the individual broadside VSWR values of the active elements of the
PUMA wavelength-scaled array as a function of frequency is shown in Fig. 4.15.
Average finite array VSWR value for each frequency is denoted by a blue diamond
whereas the ±1 standard deviation is indicated with crosses. The scatterplot is split
into two sections, one with element VSWR data for all the 6:1 elements and the other
with the element VSWR data for all the 3:1 elements. Both sets of finite array data
are compared with their respective infinite array results, with both showing good
agreement. For the scatterplot relating to the 6:1 PUMA elements, an inset is shown
in Fig. 4.15 extending the range of VSWR values shown (up to VSWR 10). The
standard deviation at these low frequencies is large due to some high VSWR values
(as shown in the inset). This is primarily attributed to the small electric length of
this array at these frequencies intensifying the truncation effects and edge element
effects at the different sub-array interfaces.
A scatterplot of the E-plane θ = 45◦ VSWR values versus frequency is shown in
Fig. 4.16. The array area consists of 3 x [8× 8 3:1 PUMA Array] with a 16× 16 6:1
PUMA Array. Again separate scatterplots are shown for each type of PUMA array
element. The average VSWR values at the low frequencies show a poor agreement
with infinite array results. An inset is shown highlighting that some elements of the
6:1 PUMA sub-array have extremely high VSWR values at these frequencies. The
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Figure 4.13. Simulated broadside
VSWR at each element of a PUMA
wavlength-scaled array (3 [8 × 8
3:1 PUMA Array] with 16× 16 6:1
PUMA Array) with y-polarized ele-
ments excited. (a) 4GHz; (b) 8GHz;
(c) 10GHz.
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VSWR Distribution f = 18GHz 
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VSWR Distribution f = 20GHz 
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Figure 4.14. Simulated broad-
side VSWR at each element of a
PUMA wavlength-scaled array (3 [8
× 8 3:1 PUMA Array] with 16× 16
6:1 PUMA Array) with y-polarized
elements excited. (a) 12GHz; (b)
18GHz; (c) 20GHz.
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Figure 4.15. Scatterplot of broadside VSWR vs. frequency of PUMA wavelength-
scaled array (3 [8× 8 3:1 PUMA Array] with 16× 16 6:1 PUMA Array). Separate
plots shown for 6:1 PUMA elements and 3:1 PUMA elements of wavelength-scaled
array. Inset shows extended low frequency VSWR of 6:1 elements.
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Figure 4.16. Scatterplot of E-plane θ = 45◦ VSWR vs. frequency of PUMA
wavelength-scaled array (3 x [8×8 3:1 PUMA Array] with 16×16 6:1 PUMA Array).
Separate plots shown for 6:1 PUMA elements and 3:1 PUMA elements of wavelength-
scaled array. Inset shows extended low frequency VSWR of 6:1 elements.
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Figure 4.17. 45◦ E-plane VSWR at
each element of a PUMA wavlength-
scaled array (3 x [8 × 8 3:1 PUMA
Array] with 16× 16 6:1 PUMA Ar-
ray) with y-polarized elements ex-
cited. (a) 10GHz; (b) 10.3GHz; (c)
10.4GHz.
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Figure 4.18. 45◦ E-plane VSWR at
each element of a PUMA wavlength-
scaled array (3 x [8 × 8 3:1 PUMA
Array] with 16× 16 6:1 PUMA Ar-
ray) with y-polarized elements ex-
cited. (a) 10.6GHz; (b) 10.7GHz; (c)
11GHz.
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average VSWR values for the 3:1 PUMA elements indicates higher VSWR value than
the infinite array throughout its range of operation, but more critically all the finite
array averages are below VSWR 2.1. For the scatterplot of the 6:1 PUMA elements,
a rise in average VSWR is observed from 10.2-10.7GHz. The VSWR distribution
maps around these frequencies are shown in Figs. 4.17-4.18. Comparing the VSWR
distribution map at 10 GHz (average VSWR matches with infinite array) with 10.3
GHz (average VSWR ramps up), an increase in VSWR is seen at the lower interface of
the 6:1 PUMA sub-array. Also an increase in VSWR is seen at many of the elements
at the center of the 6:1 PUMA sub-array. Overall the 6:1 elements track well with
infinite array predictions.
An analysis of the individual VSWR values of the PUMA wavelength-scaled array
for a H-plane θ = 45◦ scan is shown in Fig. 4.19. The array area consists of 3 x [8
× 8 3:1 PUMA Array] with a 16× 16 6:1 PUMA Array. The VSWR values at the
low frequencies is highlighted to show the range of VSWR values at these frequencies
resulting in a large standard deviation. At other frequencies, the scatterplot for the
6:1 PUMA elements show good agreement with infinite array results, except between
8-10.6 GHz where the finite array VSWR averages are much greater than the infinite
array values. Figs. 4.20-4.21 illustrates the VSWR distribution maps for some of
the frequencies between 7 and 12 GHz. The 9 GHz VSWR distribution map shows
one of the frequencies where the worst VSWR values are seen for the 6:1 PUMA
elements with the majority of VSWR values falling between VSWR 3.5 and 4. A rise
in VSWR was also seen for the H-plane θ = 45◦ for the traditional 6:1 PUMA array
at these frequencies (in chapter 2). The probably cause is a resonance resulting from
the physical structure of the PUMA array.
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Figure 4.19. Scatterplot of H-plane θ = 45◦ VSWR vs. frequency of PUMA
wavelength-scaled array (3[8× 8 3:1 PUMA Array] with 16× 16 6:1 PUMA Array).
Separate plots shown for 6:1 PUMA elements and 3:1 PUMA elements of wavelength-
scaled array. Inset shows extended low frequency VSWR of 6:1 elements.
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Figure 4.20. 45◦ H-plane VSWR
at each element of a PUMA
wavlength-scaled array (3 [8 × 8
3:1 PUMA Array] with 16× 16 6:1
PUMA Array) with y-polarized ele-
ments excited. (a) 7GHz; (b) 8GHz;
(c) 9GHz.
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Figure 4.21. 45◦ H-plane VSWR
at each element of a PUMA
wavlength-scaled array (3 [8 × 8
3:1 PUMA Array] with 16× 16 6:1
PUMA Array) with y-polarized el-
ements excited. (a) 10GHz; (b)
11GHz; (c) 12GHz.
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4.4.2 Polarization Ratio vs. Frequency
The polarization performance of the PUMA wavelength-scaled array versus fre-
quency is analyzed using the full-array approach and embedded element approxima-
tion. Various embedded elements of the array are analyzed independently. Their
locations are shown in Fig. 4.22. The finite array polarization ratio is compared with
the infinite 6:1 PUMA array and infinite 3:1 PUMA array. The polarization ratio is
observed at θ = 45◦ and averaged over the four D-planes. As with the traditional 6:1
PUMA array, averaging was neccessary because of the asymmetric unit cells. The po-
larization ratio vs. frequency of the PUMA wavelength-scaled array obtained from the
full-array approach is shown in Fig. 4.23. The finite array polarization ratio indicates
better (lower) cross-polarization than the infinite array at the majority of frequencies.
At the higher frequencies, the largest array size begins converging towards the infinite
array case with only a 2-3 dB difference form infinite array predictions. For embedded
element scenario 2 (emb 2) shown in Fig. 4.24, the embedded element chosen is one
of the 3:1 PUMA elements which operates from 3.53-10.6 GHz. For this scenario, the
finite array polarization results hover around the infinite array. Embedded element
scenario 1 (emb 1) is for a central element in the 6:1 PUMA sub-array section. These
elements can operate over the entire band, so polarization analysis is shown from 3-21
GHz. Above fg2 though, the pattern fluctuates more because the power coupled to
the 3:1 PUMA elements are not designed to work at those higher frequencies. Figs.
4.26-4.27 shows two embedded element scenarios in the lower half of the array. Both
of these embedded element are 3:1 PUMA type and are designed to operate best from
3.53-10.6 GHz. For this frequency range, both of these scenarios fluctuate around the
infinite array results deviating as much as 6 dB. Overall the finite array polariza-
tion properties of the PUMA wavelength-scaled array have a similar agreement with
infinite array results as the traditional 6:1 PUMA array.
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3:1 PUMA Embedded Element (Emb2)
Emb3
6:1 PUMA Embedded Element (Emb1)
Emb4
Figure 4.22. Subarray view of a PUMA wavelength-scaled array showing various
embedded element scenarios. Only one embedded element is active for each embedded
scenario.
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Figure 4.23. PUMA wavelength-scaled array polarization ratio vs. frequency at 45◦
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Figure 4.24. PUMA wavelength-scaled array polarization ratio vs. frequency at 45◦
scan in D-plane for various array sizes obtained from embedded element of top left
quadrant sub-array (emb2).
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Figure 4.25. PUMA wavelength-scaled array polarization ratio vs. frequency at 45◦
scan in D-plane for various array sizes obtained from embedded element of top right
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109
Frequency [GHz]
3 5 7 9 11 13 15 17 19 21
-30
-25
-20
-15
-10
-5
0
5
PR
L3
D
(f 
, 4
5°
, D
) [
dB
]
 Infinite 3:1 PUMA Array
 Infinite 6:1 PUMA Array
 3x[4x4 3:1 PUMA] with 8x8 6:1 PUMA
 3x[8x8 3:1 PUMA] with 16x16 6:1 PUMA
 3x[16x16 3:1 PUMA] with 32x32 6:1 PUMA
Figure 4.26. PUMA wavelength-scaled array polarization ratio vs. frequency at 45◦
scan in D-plane for various array sizes obtained from embedded element of bottom
left quadrant sub-array (emb3).
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Figure 4.27. PUMA wavelength-scaled array polarization ratio vs. frequency at 45◦
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4.4.3 Far-Field
The broadside realized gains of the PUMA wavelength-scaled array is shown in
Fig. 4.28 for various array sizes. At frequencies below fg2, the entire array is utilized
for the broadside scan. The finite array gain of the PUMA wavelength-scaled array
is compared with the ideal directivity of a traditional array with an element spacing
equal to the 6:1 PUMA array. The finite array gain includes mismatch due to VSWR
and port isolation of the PUMA wavelength-scaled array. While the entire array is
utilized, the broadside realized gain is a maximum of 1.4 dB down from the ideal
directivity. This occurs at the low-end of the band where the array is electrically
smaller. Above fg2, only the 6:1 PUMA elements are utlized for the broadside scan.
The gain curves drops at above this frequency since only a portion of the array area
is active.
The 45◦ E-plane scan gains of the PUMA wavelength-scaled array is shown in Fig.
4.29. The E-plane gain has a maximum drop of 1.5 dB from ideal directivity for the
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Figure 4.29. 45◦ E-Plane gain vs. frequency for various finite array sizes, and their
respective directivity.
largest array size shown. The corresponding 45◦ H-plane scan gains is shown in Fig.
4.30. The drop in gain for this H-plane scan is around 3.8 dB at 4 GHz and 2.5 dB
at 9 GHz. The high drop in gain at theses frequencies is a result of the high VSWR
mismatch at these frequencies.
4.4.4 Conclusion
The implementation of a wavelength-scaled array utilizing PUMA radiators was
shown. The PUMA-WSA resulted in an element reduction of 56% when compared
to a conventional 6:1 PUMA array. Finite array VSWR was analyzed for the PUMA
wavelength-scaled array and compared with respective infinite array results for each
element size. Broadside VSWR of the PUMA wavelength-scaled array correlated well
with infinite array predictions, except at the low frequencies. The E-plane VSWR
showed good agreement with the infinite array prediction while the H-plane VSWR
had a small portion where the finite array average VSWR was higher than infinite
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Figure 4.30. 45◦ H-Plane gain vs. frequency for various finite array sizes, and their
respective directivity.
array predictions. Polarization analysis of the PUMA wavelength-scaled array was
conducted using the full-array approach and embedded element approximation, show-
ing similiar finding to the conventional 6:1 PUMA array.
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CHAPTER 5
CONCLUSIONS
5.1 Concluding Remarks
This thesis presents an exemplary PUMA array with improved bandwidth [6:1
(3.53-21.2 GHz)] with infinite array predictions suggesting a broadside VSWR < 2,
VSWR < 2.6 while scanning out to 45◦ and < -15 dB cross-polarization out to 45◦
in all planes. The overall design was contained in an array element with a profile less
than 0.5λg. The improved bandwidth at the high-end was achieved by introducing
sets of horizontal metallic rib traces to increase the parallel capaitance between the
fed via and ground via. With this rib structure, the 6:1 PUMA array is the first from
the PUMA array family to achieve a 100% aperture sampling (fH = fg). Pushing
the operating frequency lower in frequency without affecting the matching involved a
carefully optimization of the capacitive coupling at the dipole arms and between the
dipole arms and loaded via structure. Optimatization of the dielectric stackup was
important for the overall matching considerations of the array.
Finite array impedance and port isolation results for a 32 × 32 6:1 PUMA was
shown for broadside and θ = 45◦ in the E- and H-plane. For a broadside scan, the
32× 32 PUMA array tracked well with infinite array predictions. While scanning in
the E- and H-plane, the standard deviation was large at the lower frequencies. This
resulted in an average finite array VSWR which correlated better with the infinite
array at the higher frequencies. Similar findings were seen for the port isolation of
the scanned finite PUMA array. The impedance and port isolation mismatch was
incorporated to calculate the finite array gain. The broadside gain fell below the
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ideal directivity by less than 0.5 dB. VSWR mismatch and a rise in port isolation at
the higher frequencies results in a θ = 45◦ E- and H-plane gain curve which deviated
from the ideal directivity by 2-2.5 dB at the extremes.
Poor cross-polarization can also effect the radiation characteristics of an array.
A study of truncation effects on polarization for finite ultrawideband arrays was
conducted. The study included the 6:1 (3.53-21.2 GHz) PUMA array, two 6:1 single-
polarized Vivaldi, with and without ground plane, and two 6:1 dual-polarized Vivaldi
arrays, also with and without ground plane was conducted. Both the full (active)
array and the embedded element approaches where considered and compared in the
study. Results were shown for scans in the various diagonal (D) planes as they are
the planes where the polarization deteriorates the most with scanning. For arrays
without a ground planes, the embedded element approximation and full-array ap-
proach produced comparable results. Truncation effects were seen for arrays with
ground planes. The dual-polarized arrays had greater truncation effects than the
single-polarized case. The full-array approach became critical for analyzing ultraw-
ideband arrays with the presence of a ground plane. Averaging among the D-planes
was neccessary for the 6:1 PUMA array because of the asymmetric setup of the finite
array.
A large portion of the thesis was dedicated to the implementation of a wavelength-
scaled array of PUMA elements. The process involved the optimatization of a 200%
scaled variant of the 6:1 PUMA array. The scaled PUMA was designed to achieve
the neccessary 3:1 bandwidth with similar impedance and polarization performance
as the 6:1 PUMA array. The two array elements were incorporated in an L-shaped
wavelength-scaled array implementation which reduced the total number of elements
(per polarization) by 56%. The finite array impedance and polarization properties of
the PUMA wavelength-scaled array was examined using infinite and finite array anal-
ysis using a conventional 6:1 PUMA array as a metric of comparison. The full-array
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and embedded element approximation was used to assess the polarization properties
of the PUMA wavelength-scaled array as a function of frequency for various array
sizes. Overall the PUMA-WSA and the finite array results for the conventional ar-
rays showed a similar match to each other. For the impedance performance, the
broadside scans for the PUMA-WSA matched well with the infinite 6:1 PUMA array
results. While scanning, the average VSWR values for the PUMA-WSA were slightly
higher than the infinite array predictions, particularly at the lower frequencies. Ul-
timately the PUMA wavelength-scaled array offers an acceptable comparison with
the matching and radiation performance of the conventional 6:1 PUMA array, while
reducing the total number of elements for a given array footprint.
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